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Abstract
The origin of the hot phase of the early universe remains so far an unsolved puzzle.
A viable option is entropy production through the decays of heavy Majorana neutri-
nos whose lifetimes determine the initial temperature. We show that baryogenesis
and the production of dark matter are natural by-products of this mechanism. As
is well known, the cosmological baryon asymmetry can be accounted for by lepto-
genesis for characteristic neutrino mass parameters. We find that thermal gravitino
production then automatically yields the observed amount of dark matter, for the
gravitino as the lightest superparticle and typical gluino masses. As an example,
we consider the production of heavy Majorana neutrinos in the course of tachyonic
preheating associated with spontaneous B − L breaking. A quantitative analysis
leads to constraints on the superparticle masses in terms of neutrino masses: For
a light neutrino mass of 10−5 eV the gravitino mass can be as small as 200 MeV,
whereas a lower neutrino mass bound of 0.01 eV implies a lower bound of 9 GeV on
the gravitino mass. The measurement of a light neutrino mass of 0.1 eV would rule
out heavy neutrino decays as the origin of entropy, visible and dark matter.
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2
1 Introduction
Detailed studies of the cosmic microwave background provide direct evidence for the hot
thermal universe close to its minimal temperature [1]. The extrapolation to higher tem-
peratures, beyond primordial nucleosynthesis, is very uncertain, and we do not know
how large the maximal temperature of the hot early universe has been. It is widely be-
lieved that the universe was ‘reheated’ by a transition from a preceding inflationary phase
where ‘vacuum energy’ dominated the expansion [2]. Knowing the resulting reheating
temperature is of fundamental importance since it is closely related to the origin of the
matter-antimatter asymmetry and the nature of dark matter.
In a recent paper we have suggested that the entropy of the hot early universe was
produced in the decays of heavy Majorana neutrinos whose lifetimes determine the re-
heating temperature [3]. We have demonstrated that the baryon asymmetry and dark
matter then naturally result as by-products: The mechanism of baryogenesis is a mixture
of thermal and nonthermal leptogenesis, and the dominant component of dark matter is
the gravitino which is assumed to be the lightest superparticle.
Our work is closely related to previous studies of thermal leptogenesis [4,5] and non-
thermal leptogenesis via inflaton decay [6,7], where the inflaton lifetime determines the
reheating temperature. In supersymmetric models with global B−L symmetry the scalar
superpartner N˜1 of the lightest heavy neutrino N1 can play the role of the inflaton in
chaotic [8] or hybrid [9] inflationary models. Coherent N˜1 oscillations after inflation may
even dominate the energy density of the universe [10]. Nonthermal leptogenesis can be
realized at significantly smaller temperatures than thermal leptogenesis. In this way the
‘gravitino problem’ for heavy unstable gravitinos [11,12,13] can be easily avoided, which
has been one of the main motivations of nonthermal leptogenesis.
It is well known that the high temperatures characteristic for thermal leptogenesis
can become a virtue if the gravitino is the lightest superparticle (LSP). For superparticle
masses as they arise in gravity or gaugino mediation, thermal production of gravitinos can
then explain the observed amount of dark matter [14]. As pointed out in [3], the required
high temperatures are indeed realized if the universe is reheated through the decays of
the heavy Majorana neutrinos. The vacuum decay width of the lightest heavy Majorana
neutrino is given by
Γ0N1 =
m˜1
8pi
(
M1
vEW
)2
∼ 103 GeV , (1)
where we have used the typical values M1 ∼ 1010 GeV for the N1 neutrino mass,
m˜1 ∼ 0.01 eV for the effective light neutrino mass and vEW = 174 GeV for the vac-
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uum expectation value of electroweak symmetry breaking. The corresponding reheating
temperature is given by
TRH ≈
(
90
8pi3g?,ρ
)1/4√
Γ0N1MP ∼ 1010 GeV , (2)
where we have used g?,ρ ∼ 200 for the effective number of relativistic degrees of freedom,
and MP = 1.22× 1019 GeV is the Planck mass.
From Eqs. (1) and (2) one obtains the reheating temperature TRH in terms of the
neutrino masses m˜1 and M1, the two key parameters for thermal and nonthermal lepto-
genesis. Assuming the gluino to be the heaviest gaugino, thermal gravitino production
is dominated by QCD processes, which yields the gravitino abundance in terms of the
gravitino mass mG˜ and the gluino mass mg˜,
ΩG˜h
2 = C
(
TRH
109 GeV
)(
10 GeV
mG˜
)(
mg˜
1 TeV
)2
, (3)
where the coefficient C = 0.26 to leading order in the gauge coupling [15,16].1 Since TRH
depends on m˜1 and M1, the requirement
2 ΩG˜h
2 = ΩDMh
2 ' 0.11 [20] yields a connection
between neutrino and superparticle mass parameters. The neutrino masses m˜1 and M1
are in turn constrained by the condition that the maximal baryon asymmetry is larger
than the observed one, ηB ≥ ηobsB = 6.2× 10−10 [20].
In the following sections we shall study in detail the connection between neutrino
and superparticle masses, which is implied by successful leptogenesis and gravitino dark
matter. As an example, we shall consider tachyonic preheating [21], associated with
B − L breaking, as a mechanism which can lead to a phase where the energy density is
dominated by heavy Majorana neutrinos. As we shall see, the final baryon asymmetry
and the dark matter abundance can then be calculated in terms of several parameters of
the Lagrangian, independent of initial conditions: the scale vB−L of B − L breaking, the
heavy Majorana neutrino mass M1, the effective light neutrino mass m˜1, the gravitino
mass mG˜ and the gluino mass mg˜. Particularly interesting is the resulting connection
between the lightest neutrino mass m1 and the gravitino mass.
Our analysis requires a flavour model which is flexible enough to allow for a large range
of the neutrino masses M1 and m˜1, the crucial parameters for leptogenesis. Such a model
is described in Section 2. Subsequently, in Section 3, we discuss in detail the Boltzmann
1Note that C has an O(1) uncertainty due to unknown higher order contributions and nonperturbative
effects [15]. Resummation of thermal masses increases C by about a factor of two [17].
2For the superparticle masses considered in this paper the contribution to the gravitino abundance
from the decay of the next-to-lightest superparticle (NLSP) is negligible [18,19].
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equations that describe the time evolution of the state produced in the tachyonic decay of
the false vacuum with unbroken B−L symmetry. A novel technical aspect of our analysis
is the separate treatment of thermal and nonthermal contributions to the abundance of
the heavy Majorana neutrinos.
Using the set of Boltzmann equations derived in Section 3, we study an illustrative
example of our mechanism in Section 4. The parameters are chosen such that the non-
thermal contribution to leptogenesis dominates. Particular emphasis is given to the time
dependence of the various production and decay rates and the emergence of a plateau
where the temperature is approximately constant. In Section 5 the analysis is extended
to the entire parameter space. First, the ranges of M1 and m˜1 are determined for which
leptogenesis is successful. The observed dark matter abundance then constrains the su-
perparticle masses in terms of the neutrino masses.
Our results are summarized in Section 6. The appendices deal with various technical
aspects of our calculations: conventions for the Boltzmann equations in Appendix A, the
distribution function of thermally produced neutrinos in Appendix B, analytical approxi-
mations for the reheating temperature in Appendix C and semi-analytical results for the
gravitino abundance in Appendix D.
2 Flavour model and leptogenesis
In the following we shall describe a flavour model which describes masses and mixings of
quarks, charged leptons and neutrinos, and which is flexible enough to allow for a large
range of the neutrino parameters M1 and m˜1 that are crucial for leptogenesis. The model
is a variant of [22] and satisfies all constraints from flavour changing processes [23].
We consider the extension SU(3)c×SU(2)L×U(1)Y×U(1)B−L of the standard model
gauge group. The Yukawa interactions of quarks and leptons with Higgs fields are de-
scribed by the following superpotential for matter superfields,
WM = h
u
ij10i10jHu + h
d
ij5
∗
i10jHd + h
ν
ij5
∗
in
c
jHu +
1
2
hni n
c
in
c
iS . (4)
Here the standard model fermions have been arranged in SU(5) multiplets, 10 = (q, uc, ec)
and 5∗ = (dc, `), and i, j = 1 . . . 3 are flavour indices. nc contain νcR, the charge conjugates
of the right-handed neutrinos, which are related to the heavy Majorana neutrinos N
through Ni = νRi + ν
c
Ri. For simplicity, we have used SU(5) notation assuming that the
colour triplet partners of the Higgs doublets have been projected out.
Vacuum expectation values of the scalar Higgs fields, 〈Hu,d〉 = vu,d, break the elec-
5
ψi 103 102 101 5
∗
3 5
∗
2 5
∗
1 n
c
3 n
c
2 n
c
1 Hu Hd S1 S2 T
Qi 0 1 2 a a a+ 1 b c d 0 0 0 0 e
Table 1: Chiral U(1) charges.
troweak symmetry. The superpotential
WB−L =
√
λ
2
T
(
v2B−L − 2S1S2
)
(5)
enforces B − L breaking, with 〈S1〉 = 〈S2〉 = vB−L/
√
2, via the supersymmetric Higgs
mechanism. Using the field basis S1 = S
′ exp (iΦ)/
√
2, S2 = S
′ exp (−iΦ)/√2 and shifting
around the vacuum expectation value, S ′ = vB−L + S, S and T have a common Dirac
mass term, whereas Φ and the B − L vector multiplet form together a massive vector
multiplet. Since B − L is gauged the inflaton is identified with the scalar component of
the singlet field T . The potential for the scalar neutrinos is not sufficiently flat.
The pattern of Yukawa couplings hij is determined by a Froggatt-Nielsen U(1) flavour
symmetry, following Ref [22]. The matter fields ψi and an extra singlet Σ carry charges
Qi and −1 under the flavour symmetry respectively, and are coupled together via effective
non-renormalisable interactions associated with a scale Λ > ΛGUT. The Yukawa couplings
are generated once the flavour symmetry is spontaneously broken by the expectation value
of the Σ field, and are given by
hij ∝ ηQi+Qj , (6)
where η = 〈Σ〉/Λ. The hierarchies of quark and lepton masses are then naturally obtained
for η2 ' 1/300 using the chiral charges listed in Table 1. It is important to note that the
Yukawa couplings are only specified up to factors of O(1). Cosmology further constrains
the chiral charges. For instance, successful thermal leptogenesis requires a+ d = 2 [22].
We shall restrict our analysis to the case of a hierarchical heavy neutrino mass spec-
trum, M1  M2,3, which is obtained for flavour charges of N1 and N2,3 separated by
one unit, b = c = d − 1. This is sufficient to illustrate our main point, the contraints
imposed on the gravitino mass by neutrino masses. The lepton asymmetry will mostly
be generated by decays of the lightest heavy neutrino N1. The masses of the Majorana
neutrinos are given by
M1 ' η2d vB−L , (7a)
M2,3 ' η2(d−1) vB−L , (7b)
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where M2/M3 = O(1). The mass spectrum is now parametrised by the three remaining
free charges a, d and e, which can be related to the physical parameters vB−L, M1 and
the Higgs mass mS.
Using the Dirac mass matrix mD = h
νvu and the Majorana mass matrix M = h
nvB−L
derived from Eq. (4), the eigenvalues of the light neutrino mass matrix m = −mDM−1mTD
are given by
m1 ' η2a+2 v
2
EW
vB−L
, (8a)
m2 ' m3 ' η2a v
2
EW
vB−L
, (8b)
where we have used tan β = vu/vd > O(1) and vu ' vEW. Choosing mν = √m2m3 '
|(m21 −m22)(m22 −m23)|1/4 ' 3× 10−2 eV (cf. [1]), the B − L breaking scale is determined
by the flavour charge a,
vB−L ' η2a v
2
EW
mν
, (9)
where v2EW/mν ' 1015 GeV is the grand unification mass scale. Once vB−L is fixed, M1
is directly related to the charge d through Eq. (7a).
The ranges over which the chiral charges a and d, and thus the physical parameters
vB−L and M1, are allowed to vary is restricted. First, the requirement that Yukawa
couplings do not exceed the top-Yukawa coupling imposes the lower bounds a ≥ 0 and
d ≥ 1. Furthermore, the upper bound a ≤ 1 follows from tan β > O(1). No corresponding
upper bound on the charge d exists but, as we shall see later, a CP asymmetry sufficiently
large for successful leptogenesis requires d < 3. Using Eq. (9), the allowed range of B−L
breaking scales reads
3× 1012 GeV ≤ vB−L ≤ 1× 1015 GeV . (10)
For fixed B − L breaking scale, the possible range of M1 is given by Eq. (7a),
1× 105 GeV ≤M1 ≤ 1× 1010 GeV for vB−L = 3× 1012 GeV , (11a)
3× 107 GeV ≤M1 ≤ 3× 1012 GeV for vB−L = 1× 1015 GeV . (11b)
The ranges for vB−L and M1 correspond to a continuous variation of the flavour charges,
which can effectively be realised by fractional charges. Note that the constraint from
thermal leptogenesis, a+ d = 2, is now relaxed.
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Given the Yukawa couplings, one easily obtains the decay widths of the heavy Majo-
rana neutrinos,
Γ0Ni '
m˜i
8pi
M2i
v2EW
, (12)
with the effective light neutrino masses
m˜i =
1
Mi
(m†DmD)ii ' η2a
v2EW
vB−L
' mν . (13)
The CP asymmetry in the heavy neutrino decays are given by [24,25]
i =
1
8pi(hν†hν)ii
∑
j 6=i
Im
{[(
hν†hν
)
ij
]2}
F
(
Mj
Mi
)
, (14)
where we use the standard model expression for F .3 Using our flavour model, one gets
1 ' 0.1 η2(a+d) = 0.1 mνM1
v2EW
, 2,3 ' 1 η−2 . (15)
Note that this is the maximal CP asymmetry for fixed M1 [10,26], which is obtained in the
limit m˜1 → 0. For M1 ' 1010 GeV, this yields 1 ∼ 10−6. For other Majorana neutrino
masses, the asymmetry scales like the mass ratio, 1 ∼ 10−6M1/1010 GeV.
Since the light neutrino mass matrix is not hierarchical, the O(1) uncertainties in the
hν Yukawa couplings can lead to large deviations from the relation (13) between m˜1 and
mν . The only rigorous inequality is m˜1 ≥ m1 [27]. We take these uncertainties into
account by varying the effective neutrino mass in the range
10−5 eV ≤ m˜1 ≤ 0.1 eV . (16)
Since the heavier Majorana neutrinos N2,3 only play a marginal role in our scenario (see
below), we ignore possible deviations from the relation (13) and use m˜2,3 = mν .
In the following we consider the ‘waterfall transition’ from the false vacuum 〈S〉 = 0
to the true vacuum 〈S〉 = vB−L, which may happen at the end of hybrid inflation. A
tachyonic instability in the Higgs potential leads to spinodal growth of the long-wavelength
Higgs modes. The true vacuum is reached after a rapid transition at time tPH [28],
〈S†S〉∣∣
t=tPH
= v2B−L , tPH '
1
2mS
ln
(
32pi2
λ
)
. (17)
3The expression in the supersymmetric standard model would only slightly increase the value of i.
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The Higgs boson forms a massive supermultiplet together with a Dirac fermion and three
additional bosons. Its mass and the false vacuum energy density are given by
m2S = λv
2
B−L , ρ0 =
1
4
λv4B−L . (18)
The size of the coupling λ is determined by the flavour charge e in Table 1. We shall
restrict our analysis to the case e = 2(d−1), such that mS 'M2,3. As a consequence, the
Higgs boson only decays to pairs of N1 neutrinos and not to pairs of N2 or N3 neutrinos.
Like the heavy neutrino masses and the CP asymmetries, the Higgs mass only depends
on the flavour charge a + d whereas the false vacuum energy density is determined by a
different combination of charges,
mS ' η2(a+d−1) v
2
EW
mν
, ρ
1/4
0 ' η2a+d−1
v2EW
mν
. (19)
During the tachyonic preheating the energy of the false vacuum is converted mostly
into a nonrelativistic gas of S bosons (|~pS|/mS  1), with an admixture of heavy neu-
trinos. Their contribution to energy density and number densities is determined by their
coupling to the Higgs field [28],
rNi =
ρNi
ρ0
' 1.5× 10−3 gN λ f(αi, 0.8) , (20a)
nNi ' 3.6× 10−4 gN m3S f(α, 0.8)/α , (20b)
where gN = 2 and f(α, γ) =
√
α2 + γ2 − γ with αi = hni /
√
λ. For the heaviest neutrinos
N2,3, one obtains
rN2,3 ' 1× 10−3(hn2 )2 , (21)
while the relative contribution from the lightest right-handed neutrinos, rN1/rN2,3 '
O(η2), is negligible.
For simplicity, we neglect all superpartners as well as B−L gauge bosons and inflaton
modes (T ) which are produced during tachyonic preheating. We expect their contributions
to not significantly change our results, similarly as in supersymmetric leptogenesis [29].
A detailed discussion will be presented in [30]. A further important aspect of tachyonic
preheating is the production of cosmic strings [21]. Their effect on the baryon asymmetry
is model dependent [31]. It has to be analysed for the parameters of our model [30] taking
also into account non-minimal couplings of the inflaton [32].
Our choice of flavour charges implies that the Higgs field S decays exclusively into
pairs of N1 neutrinos. The resulting decay rate is given by
Γ0S =
(hn1 )
2
16pi
mS
[
1− (2M1/mS)2
]3/2
. (22)
9
Note that if the S boson decayed into more than one heavy neutrino flavour, this would
lead to an interplay between lepton asymmetries which could have different signs and
it would also change the reheating temperature. In the present paper we restrict our
analysis to the simplest case.
3 Entropy production through neutrino decays
In order to understand the reheating process subsequent to false vacuum decay quantita-
tively, we have to track the evolution of the following abundancies as functions of the scale
factor a: the S Higgs bosons, the heavy N1 Majorana neutrinos, the B−L asymmetry, the
standard model radiation R and the gravitinos G˜. The appropriate tool for this task are
the Boltzmann equations in an expanding Friedmann-Lemaˆıtre universe, the formalism
of which is summarized in Appendix A. In what follows, we consider comoving number
densities,
NX(t) = a(t)
3nX(t) , (23)
where a is normalized to a(tPH) = 1. This quantity exhibits the advantage of being well
defined for times prior to reheating of the universe.
3.1 Initial conditions
After tachyonic preheating the universe is filled by a gas of nonrelativistic S bosons as
well as heavy N2 and N3 neutrinos. Given the flavour structure presented in Section 2,
the latter decay into standard model particles on time scales much shorter than the S
boson lifetime,
Γ0N2,3
Γ0S
' η2(a−d−1) ≥ η−2 , 1 ≥ a ≥ 0 , d ≥ 1 . (24)
Hence, we do not explicitly resolve the time dependence of the N2,3 number densities
but approximate their evolutions by step functions, i.e. instantaneous drop-offs at times
t2 = tPH + 1/Γ
0
N2
and t3 = tPH + 1/Γ
0
N3
' t2 (cf. Eq. (17)),
nN2,3(t) ≈
a(tPH)
3
a(t)3
nN2,3(tPH) Θ(t2 − t) , t ≥ tPH . (25)
The sudden decay of the N2,3 neutrinos sets the stage for the reheating of the universe
which is why we choose t = t2 ' t3 as initial time when solving the Boltzmann equations.
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Let us now determine the initial conditions at this time. When the N2,3 neutrinos decay
they transfer their energy inherited from tachyonic preheating to radiation,
ρR(t2) = 2rN2
ρ0
a3(t2)
. (26)
For a thermal bath of temperature T the energy and number densities ρR and nR of
radiation quanta are given by
ρR =
pi2
30
g?,ρT
4 , (27a)
nR =
ζ(3)
pi2
g?,nT
3 , (27b)
where g?,ρ and g?,n denote corresponding effective sums of relativistic degrees of freedom
g?,ρ =
∑
bosons
(Ti/T )
4 +
7
8
∑
fermions
(Ti/T )
4 , (28a)
g?,n =
∑
bosons
(Ti/T )
3 +
3
4
∑
fermions
(Ti/T )
3 . (28b)
In our numerical analysis we employ the values g?,ρ = 915/4 and g?,n = 427/2 (Ti = T ) for
the minimal supersymmetric standard model (MSSM). Equating the energy densities in
Eqs. (26) and (27a) yields the initial temperature T (t2) and thereby the initial comoving
number density NR(t2),
T (t2) =
(
30
pi2g?,ρ
2rN2ρ0
a3(t2)
)1/4
, (29a)
NR(t2) = a
3(t2)
ζ(3)
pi2
g?,n T
3(t2) . (29b)
Note that Eq. (27) provides us with an expression for T as a function of NR,
T =
(
pi2NR
ζ(3)g?,na3
)1/3
. (30)
As we will argue in Section 3.2.1 this relation can be used to determine the time evolution
of the temperature. The out-of-equilibrium decay of N2,3 also produces an initial B − L
asymmetry.4 The corresponding comoving number density is given by (cf. Eq. (15))
NB−L(t2) = 2NN2(t2) + 3NN3(t2) ,
' 0.2 η−2mνM1
v2EW
NN2(tPH) , (31)
4In Ref. [28] only the initial B − L asymmetry from tachyonic preheating is taken into account.
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where the comoving number density NN2 at tPH follows from Eq. (20b).
At t = t2 the dominant contribution to the energy density resides in the gas of non-
relativistic S bosons (cf. Eq. (20a)),
ρS(t2) =
1
a3(t2)
(1− 2rN2) ρ0 , (32)
which corresponds to an initial comoving number density
NS(t2) = a
3(t2)nS(t2) = a
3(t2)
ρS(t2)
mS
. (33)
According to Eq. (A.7), the initial phase space distribution function fS(t2, p) can be
inferred from nS(t2). Guided by the results of Ref. [28] we make the ansatz of a delta-
peaked momentum distribution, i.e. fS(t2, p) ∝ δ(p), which leads to
fS(t2, p) = 2pi
2NS(t2)
δ(k)
k2
, k = a(t2) p(t2) = a(t) p(t) . (34)
Because of the chosen mass hierarchy M1  mS ' M2,3, the amount of N1 neutrinos
produced during tachyonic preheating as well as through S decays up to t2 is negligibly
small. Likewise, in absence of standard model radiation no gravitinos are produced until
t2,
NN1 (t2) = 0 , NG˜ (t2) = 0 . (35)
The time dependence of the scale factor a(t) is governed by the Friedmann equation.
For a flat universe and constant equation of state ω = ρ/p between some time t0 and t,
one has
a(t) = a (t0)
[
1 +
3
2
(1 + ω)
(
8pi
3M2p
ρtot (t0)
)1/2
(t− t0)
] 2
3(1+ω)
. (36)
After preheating, until the decay of the S bosons around tS = t2 + 1/Γ
0
S, the system is
mostly matter-dominated. In view of the mass hierarchy M1/mS ' η2  1 the subsequent
S decay into relativistic N1 neutrinos, however, entails a continuously changing equation
of state. We account for that behaviour by working with two constant effective equation
of state coefficients ω2 and ωS for times t2 < t ≤ tS and t > tS, respectively. For times
tPH < t ≤ t2, we take ω = 0. ω2 can be deduced from the decrease in the total energy
density until tS. Keeping only the leading contributions to ρtot one has
ρS(tS, ω2) + ρN1(tS, ω2)
ρ0/a(t2)3
=
(
a(t2)
a(tS, ω2)
)3(1+ω2)
. (37)
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With explicit expressions for ρS and ρN1 at hand (cf. Sections 3.2.2 and 3.2.3) this
equation can be solved numerically for ω2. Within the region in parameter space to which
we restrict our study (cf. Section 2), ω2 typically turns out to be closer to 0 than to 1/3
indicating matter domination. The ω2 mean value, standard deviation, minimum and
maximum values are found to be
ω2 = (2.4± 1.6)× 10−2 , ωmin2 ' 8.8× 10−3 , ωmax2 ' 8.7× 10−2 . (38)
At times t > tS most of the initial energy density has already been transferred to N1
neutrinos or subsequently to standard model radiation and we can safely use ωS = 1/3.
3.2 Boltzmann equations
Using the conventions introduced in Appendix A we now write down the Boltzmann
equations relevant for our specific scenario. In Section 3.2.1 the Boltzmann equations for
all species but the gravitino (S, N1, B − L, R) are given for phase space distribution
functions. Subsequently, they are discussed one by one in Sections 3.2.2 through 3.2.5.
For the gravitino component we directly give the integrated Boltzmann equation for the
comoving number density in Section 3.2.6.
3.2.1 Collision operators
The dynamics of our system is dominated by three types of particle interactions: S boson
decays into pairs of N1 neutrinos, N1 neutrino interactions with standard model lepton-
Higgs pairs `H and ¯`H¯ and supersymmetric QCD 2 → 2 scatterings responsible for the
production of gravitinos.5
The Boltzmann equations for the S bosons and the N1 neutrinos take the form
LˆfS = CS(S → N1N1) , (39)
LˆfN1 = 2CN1(S → N1N1) + CN1(N1 ↔ `H, ¯`H¯) , (40)
where the factor of 2 in Eq. (40) accounts for the fact that two N1 neutrinos are created per
S decay, and CN1(N1 ↔ `H, ¯`H¯) encompasses N1 decays into particles and antiparticles,
CN1
(
N1 ↔ `H, ¯`H¯
)
= CN1 (N1 ↔ `H) + CN1
(
N1 ↔ ¯`H¯
)
. (41)
Since we expect their effects to yield only minor corrections, we do not include the rescat-
terings of N1 neutrinos into S bosons as well as scatterings involving massive Z
′ bosons
5For notation convenience, we refer to Hu as H from now on.
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which arise in the course of B − L breaking. We have checked that the scatterings
N1`↔ qu¯, N1u¯↔ `q¯ and N1q ↔ `u do not affect the final B − L asymmetry.
The Boltzmann equation for the B−L asymmetry is defined in terms of the respective
equations for lepton number L and anti-lepton number L¯
LˆfB−L = Lˆ (fL − fL¯) , (42a)
LˆfL = CL(`H ↔ N1) + 2CredL (`H ↔ ¯`H¯) , (42b)
LˆfL¯ = CL¯(¯`H¯ ↔ N1) + 2CredL¯ (¯`H¯ ↔ `H) . (42c)
The collision operators for decays and inverse decays are able to mimic ∆L = 2 scatterings
of the type `H  N1  ¯`H¯ with on-shell N1 neutrinos in the s-channel. They, however,
ignore off-shell scatterings even though these will equally affect the final asymmetry. This
leads us to adding reduced collision operators CredL and C
red
L¯
to Eqs. (42b) and (42c) that
account for the production and decay of off-shell neutrinos, `H  N∗1  ¯`H¯. In Ref. [33]
it has been shown that the on- and off-shell contributions to the total CP asymmetry in
`H ↔ ¯`H¯ scatterings cancel up to O ((hνi1)4). Hence, one may equivalently say that the
reduced collision operators subtract scatterings with real intermediate states.
The temperature T of the thermal bath can be determined as a function of the scale
factor from the covariant energy conservation
ρ˙tot + 3H (ρtot + ptot) = 0 . (43)
After inserting the explicit expressions for the total energy and number densities this
relation becomes a non-linear first-order differential equation for T . For simplicity, we
assume that the energy transfer to the thermal bath happens instantaneously, ρ˙tot ≈ 0.
Consider a spatial volume V in which N1 neutrinos of average energy εN1 decay into
lepton-Higgs pairs. Per decay the energy density of the thermal bath is then increased
by εN1/V and a new thermal equilibrium at a slightly higher temperature is established
right after the decay. According to Eq. (27) the latter entails an increase in nR,
nR → nR
(
1 +
εN1
V ρR
)3/4
' nR + 3
4
εN1
V ρR/nR
= nR +
rR
V
. (44)
Therefore, producing two standard model particles adds rR = 3εN1/ (4ρR/nR) radiation
quanta per unit volume V to the thermal bath. This leads us to an effective Boltzmann
equation for the number density of radiation
LˆfR = rR
(
C`(`H ↔ N1) + C¯`(¯`H¯ ↔ N1)
)
, (45)
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where all CP violating contributions have been neglected.
Having formulated the Boltzmann equations for distribution functions we now calcu-
late the various collision operators explicitly and simplify the equations as far as possible.
3.2.2 Higgs bosons S
In terms of the S decay rate
Γ0S =
1
2mS
∫
dΠ (N1, N1) (2pi)
4 δ(4) (
∑
pout −
∑
pin) |M (S → N1N1)|2 , (46)
the collision operator for S decay is given by
LˆfS = CS(S → N1N1) = −mS
ES
Γ0SfS . (47)
This is a linear homogeneous ordinary differential equation which has a unique solution
for each initial value. Given the initial distribution function fS(t2, p) in Eq. (34) we find
fS(t, p) = fS(t2, p) exp
−mSΓ0S t∫
t2
dt′E−1S (t
′)
 , (48)
ES(t
′) =
√
(a/a′)2 p2 +m2S , a = a (t) , a
′ = a(t′) . (49)
Thanks to the momentum delta function in fS(t2, p) the time integration becomes trivial,
fS(t, p) = fS(t2, p) e
−Γ0S(t−t2) = 2pi2NS(t2)
δ(k)
k2
e−Γ
0
S(t−t2) , k = a(t) p . (50)
Hence, the comoving number density NS simply falls off exponentially,
NS(t) = NS(t2)e
−Γ0S(t−t2) . (51)
3.2.3 Heavy Majorana neutrinos N1
The Boltzmann equation for N1 neutrinos also involves a collision operator for S decay.
Using the tree-level amplitude squared
|M(S → N1N1)|2 = 2(hn1 )2m2S
[
1− (2M1/mS)2
]
, (52)
the general collision operator in Eq. (A.3) takes the form
CN1(S → N1N1) =
(hn1 )
2m2S
2EN1
[
1− (2M1/mS)2
] ∫
dΠ(N1|N1;S)(2pi)4δ(4) fS . (53)
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With the explicit expression for fS in Eq. (50) the phase space integration becomes∫
dΠ (N1|N1;S) (2pi)4 δ(4)fS = 1
a3
piNS
8mSEN1
δ (EN1 −mS/2) , (54)
where a symmetry factor 1/2 results from the fact that two N1 neutrinos are involved in
the decay process. Employing the result Eq. (22) for the S decay width we obtain for the
collision operator
CN1 (S → N1N1) =
1
a3
pi2NSΓ
0
S
E2N1
[
1− (2M1/mS)2
]−1/2
δ (EN1 −mS/2) . (55)
The collision operator for N1 decay into standard model particles has the familiar form
CN1
(
N1 ↔ `H, ¯`H¯
)
= −M1
EN1
Γ0N1
(
fN1 − f eqN1
)
. (56)
In total, the Boltzmann equation for N1 neutrinos encompasses two production and one
decay term. On the one hand, the collision operator in Eq. (55) and the term proportional
to f eqN1 in Eq. (56) represent N1 production from S decay and from inverse decays in
the thermal bath, respectively. On the other hand, the term proportional to fN1 in
Eq. (56) accounts for N1 decays. It is convenient to decompose the N1 population into
two independently evolving components: Nonthermal neutrinos NS1 stemming from S
decays and thermal neutrinos NT1 originating from the thermal bath. The respective
Boltzmann equations are then given as
LˆfSN1 = −
M1
EN1
Γ0N1f
S
N1
+ 2
1
a3
pi2NSΓ
0
S
E2N1
[
1− (2M1/mS)2
]−1/2
δ(EN1 −mS/2) , (57a)
LˆfTN1 = −
M1
EN1
Γ0N1f
T
N1
+
M1
EN1
Γ0N1f
eq
N1
. (57b)
The sum of the nonthermal and thermal distribution functions yields the total N1 distri-
bution function, fN1 = f
S
N1
+ fTN1 .
The Boltzmann equation for the nonthermal neutrinos NS1 can be solved exactly.
Starting from zero initial abundance we find
fSN1 (t, p) = 2pi
2Γ0S
[
1− (2M1/mS)2
]−1/2 t∫
t2
dt′
[
δ (EN1 (t
′)−mS/2)
× NS(t
′)
a′3E2N1(t
′)
exp
−M1Γ0N1
t∫
t′
dt′′E−1N1 (t
′′)
] , (58)
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where EN1(t
′) is defined analogously to ES(t′) in Eq. (49). The energies EN1 therefore
redshift as
EN1(t) = EN1(t
′)
a′
a
[
1 +
(( a
a′
)2
− 1
)(
M1
EN1(t
′)
)2]1/2
. (59)
If we evaluate this relation with EN1(t
′) = mS/2 we obtain the redshifted energy at time t
of a neutrino N1 that has been produced in S decay at time t
′. Let us denote this quantity
by EN1 (t′, t),
EN1(t′, t) =
mS
2
a′
a
[
1 +
(( a
a′
)2
− 1
)(
2M1
mS
)2]1/2
. (60)
The energy delta function in the integrand of Eq. (58) thus turns EN1(t
′′) into EN1(t′, t′′).
Meanwhile, it can be rewritten as a function of EN1(t), the energy at time t,
δ(EN1(t
′)−mS/2) =
(
a′
a
)2
mS/2
EN1(t′, t)
δ (EN1 (t)− EN1(t′, t)) . (61)
The final result for fSN1 then reads
fSN1(t, p) =
1
a3
2pi2 Γ0S
[
(mS/2)
2 −M21
]−1/2 t∫
t2
dt′
[
a
a′
δ(EN1 (t)− EN1(t′, t))
× NS(t
′)
EN1(t′, t)
exp
−M1Γ0N1
t∫
t′
dt′′E−1N1 (t′, t′′)
] . (62)
By integrating over the NS1 phase space, we obtain the number density n
S
N1
of the non-
thermal neutrinos
nSN1 = gN1
∫
d3p
(2pi)3
fSN1 =
2Γ0S
a3
t∫
t2
dt′
[
NS(t
′) exp
−M1Γ0N1
t∫
t′
dt′′E−1N1 (t′, t′′)
] (63a)
=
t∫
t2
dt′δnSN1(t
′, t) . (63b)
The corresponding results for the energy and interaction densities ρSN1 and γ
S
N1
= γ(NS1 →
17
`H, ¯`H¯) can conveniently be expressed using δnSN1(t, t
′) introduced in Eq. (63b),
ρSN1 =
t∫
t2
dt′EN1(t′, t)δnSN1(t′, t) , (64)
γSN1 =
t∫
t2
dt′
M1
EN1(t′, t)
Γ0N1δn
S
N1
(t′, t) = nSN1Γ
S
N1
, (65)
where ΓSN1 denotes the N1 decay width weighted with the average inverse time dilatation
factor for nonthermal neutrinos
ΓSN1 =
〈
M1
EN1
〉
S
Γ0N1 =
1
nSN1
t∫
t2
dt′
M1
EN1(t′, t)
δnSN1(t
′, t) Γ0N1 . (66)
The exact phase space distribution function fTN1 for thermal neutrinos N
T
1 is given as
the unique solution of Eq. (57b) for the initial distribution fTN1 (t2, p) = 0,
fTN1(t, p) =
t∫
t2
dt′ exp
−M1Γ0N1
t∫
t′
dt′′E−1N1 (t
′′)
 M1
EN1(t
′)
Γ0N1f
eq
N1
(t′, p) . (67)
As the thermal neutrinos are produced within a broad range of energies, it cannot be inte-
grated over phase space as simply as in the nonthermal case. However, since the thermal
neutrinos inherit their momentum distribution from the thermal bath it is reasonable to
assume that they are approximately in kinetic equilibrium,
fTN1(t, p) ≈
NTN1
N eqN1
f eqN1(t, p) , f
eq
N1
(t, p) = e−EN1/T . (68)
This approximation holds if the quotient fTN1/f
eq
N1
, with fTN1 taken from Eq. (67), is inde-
pendent of the neutrino momentum p. In Appendix B we will demonstrate numerically
in the context of a specific parameter example that this can usually be assumed to be the
case in our scenario. Under the assumption of kinetic equilibrium the comoving number
density NTN1 is the unique solution of the integrated Boltzmann equation
aH
d
da
NTN1 = −
(
NTN1 −N eqN1
)
ΓTN1 . (69)
Here, ΓTN1 stands for the N1 decay width weighted with the average inverse time dilatation
factor for thermal neutrinos
ΓTN1 =
〈
M1
EN1
〉
T
Γ0N1 =
K1(z)
K2(z)
Γ0N1 , (70)
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where z = M1/T , and K1,2(z) are modified Bessel functions of the second kind. Note that
γTN1 = γ
(
NT1 → `H, ¯`H¯
)
= nTN1Γ
T
N1
, (71a)
γeqN1 = γ
eq
(
N1 → `H, ¯`H¯
)
= neqN1Γ
T
N1
. (71b)
3.2.4 B − L asymmetry
The collision operators for decays and inverse decays present themselves as
CL (`H ↔ N1) ∼ fN1 |M (N1 → `H)|2 − fHf` |M (`H → N1)|2 , (72a)
CL¯
(
¯`H¯ ↔ N1
) ∼ fN1 ∣∣M (N1 → ¯`H¯)∣∣2 − fH¯f¯`∣∣M (¯`H¯ → N1)∣∣2 . (72b)
Using the definition of the CP parameter 1 and CPT invariance, the various partial
amplitudes squared are related to the total amplitude squared as follows
|M (N1 → `H)|2 =
∣∣M (¯`H¯ → N1)∣∣2 = 1
2
(1 + 1) |MN1|2 , (73a)∣∣M (N1 → ¯`H¯)∣∣2 = |M (`H → N1)|2 = 1
2
(1− 1) |MN1|2 , (73b)
where, at tree-level, |MN1|2 is given as
|MN1|2 =
∣∣M (N1 → `H, ¯`H¯)∣∣2 = 4 (hν†hν)11M21 . (74)
The reduced collision operators in Eq. (42) account for the production of off-shell
neutrinos N∗1 which subsequently decay into the CP conjugate of the lepton-Higgs pair
from which they were produced. Working up to leading order in 1 we may take the
decays N∗1 → `H, ¯`H¯ to equally branch into particles and antiparticles
CredL,L¯
(
`H ↔ ¯`H¯) ∼ ± [f¯`fH¯ · 12 ∣∣M (¯`H¯ → N∗1 )∣∣2 − f`fH · 12 |M (`H → N∗1 )|2
]
. (75)
For M1  1014 GeV the CP preserving parts of the off-shell scatterings are negligibly small
[34]. We thus discard them keeping only the CP violating contributions to the reduced
collision operators. Imposing that the total CP asymmetry of lepton-Higgs scatterings be
zero up to O ((hνi1)4), we deduce
|M (`H → N∗1 )|2 = −
1
2
(−1) |MN1|2 ,
∣∣M (¯`H¯ → N∗1 )∣∣2 = −12 (+1) |MN1|2 . (76)
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The above results allow us to write all collision operators as integrals over the total
amplitude squared |MN1|2. Assuming kinetic equilibrium for leptons and antileptons as
well as thermal equilibrium for all other standard model particles, we obtain
LˆfB−L = 1
2g`p
∫
dΠ (`|H;N1) (2pi)4 δ(4) 1
2
|MN1|2
[
21
(
fN1 − f eqN1
)− NB−L
N eq`
f eqN1
]
. (77)
As for the N1 Boltzmann equation, we split the N1 distribution function into its thermal
and nonthermal parts. After integrating over phase space we retrieve the interaction
densities γSN1 , γ
T
N1
and γeqN1 (cf. Eq. (A.8)),
aH
d
da
NB−L = a3
[
1
(
γSN1 + γ
T
N1
− γeqN1
)− NB−L
2N eq`
γeqN1
]
. (78)
In terms of comoving number densities and averaged decay rates this Boltzmann equation
then reads
aH
d
da
NB−L = 1NSN1Γ
S
N1
+ 1
(
NTN1 −N eqN1
)
ΓTN1 −
N eqN1
2N eq`
ΓTN1NB−L . (79)
Similarly to the N1 abundance we also split the B − L asymmetry into two components:
A nonthermal asymmetry NSB−L produced in N
S
1 decays and a thermal asymmetry N
T
B−L
generated from the thermal bath,
aH
d
da
NSB−L = 1N
S
N1
ΓSN1 −
N eqN1
2N eq`
ΓTN1N
S
B−L , (80a)
aH
d
da
NTB−L = 1
(
NTN1 −N eqN1
)
ΓTN1 −
N eqN1
2N eq`
ΓTN1N
T
B−L . (80b)
A comparison of the corresponding final baryon asymmetries ηSB and η
T
B will allow us
to identify the relative importance of nonthermal and thermal leptogenesis in different
regions of the parameter space (cf. Section 5).
3.2.5 Radiation R
In order to obtain an effective Boltzmann equation for the number density of radiation
quanta we add up the contributions coming from decays into standard model particles
and antiparticles. Neglecting any CP violating effects Eq. (45) can be written as
LˆfR = rR 1
2g`p
∫
dΠ (`|H;N1) (2pi)4 δ(4) 1
2
|MN1|2
[
2fN1 − 2f eqN1
]
. (81)
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Splitting fN1 into its thermal and nonthermal parts and integrating over phase space, one
gets
aH
d
da
NR = r
S
RN
S
N1
ΓSN1 + r
T
R
(
NTN1 −N eqN1
)
ΓTN1 . (82)
Since the two different sorts of N1 neutrinos possess different average energies, two inde-
pendent factors rSR and r
T
R have been introduced in order to keep track of the radiation
quanta produced in the decays of nonthermal and thermal neutrinos respectively,
rSR =
3εSN1
4εR
, rTR =
3εTN1
4εR
. (83)
The average energies per (non-)thermal neutrino as well as the average energy per radia-
tion quantum are obtained from the respective ratios of energy and number densities (cf.
Eqs. (27), (63) and (64)),
εR = ρR/nR , ε
S
N1
= ρSN1/n
S
N1
, εTN1 = ρ
T
N1
/nTN1 = 3T +
K1(z)
K2(z)
M1 . (84)
rSR and r
T
R clearly depend on the temperature T which, in turn, is deduced from the
radiation number density NR according to Eq. (30).
3.2.6 Gravitinos G˜
Gravitinos are produced through scattering processes in the thermal bath. The evolution
of their comoving number density is governed by the Boltzmann equation
aH
d
da
NG˜ = a
3 γG˜(T ) . (85)
The dominant contribution to γG˜ comes from QCD scatterings. For supersymmetric QCD
and up to leading order in the strong gauge coupling gs, one has [15]
γG˜(T ) =
(
1 +
m2g˜(T )
3m2
G˜
)
54ζ(3)g2s(T )
pi2M2p
T 6
[
ln
(
T 2
m2g(T )
)
+ 0.8846
]
. (86)
Here, mg˜ denotes the energy scale-dependent gluino mass and mg is the gluon plasma
mass,
mg˜(T ) =
g2s(T )
g2s (µ0)
mg˜ (µ0) , mg(T ) =
√
3/2 gs(T )T , (87)
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Point Label vB−L [GeV] M1 [GeV] m˜1 [eV] mG˜ [GeV] mg˜ [GeV]
Section 4 Red circle 5.8× 1013 1.4× 1010 3× 10−3 100 800
Ref. [3] White circle 3.0× 1012 1.0× 1010 1× 10−3 100 800
Table 2: Values of the input parameters chosen for the discussion in Section 4 and Ref. [3], respectively.
In Figs. 5, 6, 7, 8, 10, 13 and 14 in Section 5 and Appendices C and D the positions of both parameter
points in parameter space are marked with different labels as indicated.
where we choose the Z boson mass MZ as reference scale µ0. The scale dependence of gs
is dictated by the corresponding MSSM renormalization group equation
gs(µ) = gs (µ0)
[
1 +
3
8pi2
gs (µ0)
2 ln (µ/µ0)
]−1/2
, (88)
with µ being the typical energy scale during reheating. It can be estimated by the average
energy per relativistic particle in the bath: µ ' εR ' 3T . For instance, at temperatures
T = 108, 1010, 1012 GeV the strong gauge coupling takes on values gs = 0.90, 0.84, 0.80.
The gravitino mass mG˜ and the low-scale gluino mass mg˜ (µ0) remain as free parameters.
4 An illustrative example
In the previous section we have seen how the decay of the false vacuum of unbroken
B − L symmetry generates – via production and decay of heavy neutrinos – entropy,
baryon asymmetry and dark matter. We have numerically solved this inital-value problem
by means of Boltzmann equations, with the initial conditions described in Section 3.1.
Before we turn to a detailed discussion of the parameter space we first describe, as an
example, one solution for a representative choice of parameters. A similar study, albeit not
as detailed, has already been performed in Ref. [3]. The values for the input parameters
chosen in this section as well as in Ref. [3] are outlined in Tab. 2. In the present case,
the selected values for vB−L and M1 correspond to Froggatt-Nielsen charges of a = 1/2
and d ' 1.5. Note that we have adjusted M1 such that we obtain the right gravitino
abundance for dark matter. The input parameters in Tab. 2 directly determine a couple
of further important parameters
mS, M2,3 ' 4.1× 1012 GeV , λ ' 5.0× 10−3 , 1 ' 1.4× 10−6 , 2,3 ' −4.1× 10−4 . (89)
We have chosen opposite signs for the CP asymmetries 1 and 2,3, so that one can easily
distinguish their respective contributions to the final B − L asymmetry.
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Figure 1: Comoving number (upper panel) and energy (lower panel) densities for S bosons, N1
neutrinos produced in S decays (NS1 ), thermally produced N1 neutrinos (N
T
1 ), N1 neutrinos in thermal
equilibrium (N eq1 , for comparison), radiation (R), B − L charge, and gravitinos (G˜) as functions of the
scale factor a. The corresponding values of the model parameters are given in Tab. 2.
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4.1 Comoving number and energy densities
The evolution with the scale factor a of the comoving number densities and the various
components of the energy density are presented in Fig. 1. Both plots start at the time of
N2,3 decay, a (t2) ' 1.04, and end at a final scale factor of af ' 2.53× 105. The values of
the scale factor corresponding to S and N1 decays as well as to reheating (cf. Appendix C)
are also indicated
a
(
tS = t2 + 1/Γ
0
S
) ' 400 , a (t1 = tS + 1/Γ0N1) ' 1200 , a (tRH) ' 3000 . (90)
Tachyonic preheating results in an initial state at t = t2 that mainly consists of S
bosons and to a smaller degree standard model radiation that stems from the decay of
the N2,3 neutrinos, ρR (t2) /ρS (t2) ∼ 10−5, and which inherits an initial B−L asymmetry
equivalent to ηB ' −3.9 × 10−5. Around t = tS the S bosons decay into relativistic
and nonthermal N1 neutrinos. Their subsequent decay into standard model particles
then washes out the initial (negative) asymmetry, builds up a new (positive) asymmetry
and leads to the production of the main part of the radiation. The energy transfer to the
thermal bath, i.e. the process of reheating, takes place between aiRH ' 27 and afRH ' 5800.
At these values of the scale factor the derivative of the comoving radiation energy density
a3ρR vanishes. Meanwhile, thermal neutrinos and gravitinos are continuously produced in
the thermal bath. As both species inherit their momentum distributions from the bath,
they are always in approximate kinetic equilibrium (cf. Appendix B). From a ' 4100
onwards the number density of the thermal N1 neutrinos exceeds the thermal equilibrium
abundance. At a ∼ 105 the B −L asymmetry and the gravitino abundance have reached
at their final values.
4.2 Baryon asymmetry
The present value of the baryon asymmetry as well as its nonthermal and thermal con-
tributions are obtained from
ηB =
n0B
n0γ
= ηSB + η
T
B , η
S,T
B = csph
g0?,s
g?,s
NS,TB−L
Nγ
∣∣∣∣∣
af
. (91)
In the supersymmetric standard model the sphaleron conversion factor is csph = 8/23, the
effective number of degrees of freedom at high and low temperatures is g?,s = 915/4 and
g0?,s = 43/11, respectively, and the number density of photons is Nγ = a
3gγζ(3)/pi
2T 3.
For our choice of parameters we obtain the asymmetries
ηB ' 1.9× 10−8 , ηSB ' 1.9× 10−8 , ηTB ' 2.8× 10−10 . (92)
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The calculated baryon asymmetry is larger than the observed one, ηobsB ' 6.2×10−10 [20],
by about a factor 30. This is consistent since 1 is an estimate for the maximal CP
asymmetry. We find that ηB is dominated by the nonthermal contribution due to N
S
1
decays, ηSB ' ηB. The contribution from thermal neutrinos, even though it reaches the
right order of magnitude, slightly falls short of the observed value.
Let us emphasize that given the choice of parameters in Tab. 2 standard thermal
leptogenesis, with a given thermal bath, is able to produce the right amount of baryon
asymmetry. Using a final efficiency factor of κf (m˜1) ' 0.1, one obtains (cf. [33])
ηthB =
3
4
g0∗,s
g∗,s
csph 1 κf (m˜1) ' 6× 10−10 . (93)
In the case under study ηTB turns out to be smaller than η
th
B roughly by a factor of 2 because
the entropy production during NS1 decay enhances the washout rate due to inverse N1
decays.
The evolution of the nonthermal and thermal lepton asymmetries is controlled by three
different interaction rates which enter the Boltzmann equations (80a) and (80b)
ΓSB−L = 1
NSN1
NSB−L
ΓSN1 , Γ
T
B−L = 1
NTN1 −N eqN1
NTB−L
ΓTN1 , ΓW =
N eqN1
2N eq`
ΓTN1 . (94)
They account for the decay of nonthermal neutrinos, the decay of thermal neutrinos and
the washout effects due to inverse neutrino decays, respectively. Their relative importance
as well as their influence on the generation of the asymmetries are illustrated in Fig. 2.
The respective interactions become efficient once the corresponding rates are of the same
order as the Hubble rate or larger. This is why it takes until a1 ' 210, when ΓSB−L/H &
O(1) for the first time, for NSB−L to begin to increase. At a2 ' 480 the initial negative
asymmetry has been compensated by the generated positive one, and NSB−L changes sign.
Subsequently, for scale factors around a(t1), the ratio Γ
S
B−L/H remains approximately
constant leading to the generation of the main part of the asymmetry. Meanwhile, due
to the continuous entropy production from nonthermal neutrino decays, the washout
processes gain in importance. At a3 ' 1500 the rate ΓW becomes comparable to H, which
is reflected in a slight decrease of the slope of NSB−L. From a7 ' 6300 onwards, which is
shortly after ρR = ρ
S
N1
, the washout even dominates over the asymmetry production from
NS1 decays. Hence, the maximal nonthermal asymmetry reached at a7 is slightly washed
out until it eventually freezes out when ΓW drops below H at a10 ' 10000. Notice that
ΓSB−L already becomes irrelevant at a9 ' 8300.
The decays and inverse decays of thermal neutrinos lead to a continuous production
of a thermal asymmetry with a negative sign until the rate ΓTB−L is overcome by ΓW at
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Figure 2: Evolution with the scale factor a of (upper panel) the interaction rates ΓSB−L, Γ
T
B−L and
ΓW normalized to the Hubble rate H, and of (lower panel) the nonthermal and thermal parts N
S
B−L
and NTB−L of the generated B − L asymmetry. The rates are defined in Eq. (94), and the asymmetries
were introduced in Eqs. (80a) and (80b). The dashed lines and the integer numbers above the top frame
edge in the lower panel refer to the various values of the scale factor and their numbering as used in the
discussion of this figure in Section 4.2. The gray band in the upper panel indicates where the interaction
rates are of the same order as the Hubble rate H.
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a4 ' 3500. Following that moment, washout processes push NTB−L back to NTB−L = 0.
This development is reinforced by thermal neutrino decays once NTN1 has exceeded the
equilibrium number density N eqN1 at a5 ' 4100. Until a8 ' 6500 the thermal asymmetry
is then converted into a positive asymmetry. After a6 ' 4700 the rate ΓTB−L permanently
dominates over ΓW , and the thermal asymmetry does not decrease anymore after a8.
Instead it freezes out at its maximum value when ΓTB−L/H ∼ O(0.1) at a11 ' 12000.
Finally, parallel to the onset of entropy production at aiRH ' 27, the rate ΓSB−L exceeds
ΓW , and Γ
T
B−L slightly increases.
4.3 Radiation temperature
Having solved the Boltzmann equation (82) for the number density of radiation quanta,
we obtain from Eq. (30) the evolution of the plasma temperature T which is plotted
in Fig. 3. We find that the reheating process between aiRH ' 27 and afRH ' 5800 is
accompanied by an approximate temperature plateau around T ∼ 6×109 GeV. Especially
until S boson decay around a (tS) ' 400 the temperature is essentially constant. This
is due to the continuous production of nonthermal neutrinos which do not efficiently
decay before a (t1) ' 1200. With nonrelativistic S bosons still representing the dominant
contribution to the energy density, the comovingNSN1 number density approximately scales
like NSN1 ∝
∫ t
t2
dt′ ∝ a3/2. According to the Boltzmann equation (82) for radiation, the
comoving number densityNR then grows like the volume, implying a constant temperature
aH
d
da
NR ∝ NSN1 ∝ a3/2 , NR ∝ a3 , T = const. (95)
Once the production of nonthermal neutrinos ceases, not as much radiation is produced
anymore and the temperature begins to drop. During the phases of adiabatic expansion
T decreases like the inverse of the scale factor, T ∝ 1/a.
The actual reheating temperature TRH is reached once the Hubble rate H becomes as
small as the effective decay rate ΓSN1 of the nonthermal neutrinos (cf. Appendix C)
ΓSN1(tRH) = H(tRH) , TRH = T (tRH) . (96)
For the chosen set of parameters this happens at a (tRH) ' 3000, with H = ΓSN1 = 52 GeV,
and the corresponding temperature turns out to be
TRH ' 4.1× 109 GeV . (97)
A detailed discussion of how this result for the reheating temperature can be estimated
on the basis of the input parameters is given in Appendix C.
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The lower panel in Fig. 3 presents the evolution of rSR and r
T
R as functions of the scale
factor a, the two correction factors which effectively keep track of the average energy
per nonthermal / thermal neutrino ε
S/T
N1
in relation to the typical radiation energy εR
as discussed in Sections 3.2.1 and 3.2.5. Until the onset of reheating, rSR steeply rises.
This is the consequence of an adiabatically dropping temperature and, on top of that,
the progressively increasing effectiveness of the S boson decays which push the average
NSN1 energy more and more towards mS/2. Between a
i
RH and a(tS) the temperature stays
rather constant and, as we have checked numerically, εSN1 has saturated close to mS/3.
Hence, rSR only varies little around a value of r
S
R ' 50 during that time. After a(tS) the S
boson decays become less frequent, the NSN1 energies are redshifted and r
S
R decreases. This
trend is stopped around a(t1) when the temperature begins to fall again and the decay
of the nonthermal neutrinos themselves sets in. These decays tend to remove rather
long-lived and hence redshifted neutrinos from the spectrum leading to an increase in
εSN1 . Finally, after reheating the evolution of r
S
R is again dominated by the adiabatically
decreasing temperature.
The initial value of the thermal correction factor, rTR(t2) ' 0.78, is close to 49/60 and
hence to what is expected for a relativistic fermion coupled to the massless degrees of free-
dom of the MSSM. The fact that it is even a bit larger is due to the negligible imprecision
of calculating εTN1 by means of classical statistics (cf. Eq. (84)). Once the temperature has
dropped below M1 around a ' 17, the thermal neutrinos become nonrelativistic and rTR
increases. This evolution is only delayed by the constant temperature during reheating.
After reheating rTR continuous to increase like r
T
R ∝ a.
4.4 Gravitino dark matter
The present contribution from gravitinos to the total energy density is given by
ΩG˜ =
mG˜n
0
γ
ρc
g0?,s
g?,s
NG˜
Nγ
∣∣∣∣
af
, (98)
where ρc = 1.052 × 10−5 h2 GeV cm−3 is the critical density and n0γ = 410 cm−3 is the
number density of CMB photons. Recall that after fixing all other parameters we have
chosen M1 such the gravitino abundance equals the observed one for dark matter
ΩG˜h
2 ' 0.11 . (99)
In Appendix D we demonstrate that this result can be easily reproduced by means of
certain semi-analytical estimations.
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Figure 4: Interaction rates ΓG˜ = γG˜/nG˜, Γ
S
R and Γ
T
R relevant for the production of gravitinos and
radiation, normalized to the Hubble rate H. The rates ΓSR and Γ
T
R were introduced in Eq. (100). The
gray band indicates where the interaction rates are of the same order as the Hubble rate H.
The evolution of the gravitino abundance with time is controlled by the production
rate ΓG˜ = γG˜/nG˜ (cf. Eqs. (85) and (86)), which strongly depends on the temperature. To
demonstrate the close relation between the production of gravitinos and that of radiation
we plot ΓG˜ in Fig. 4 together with the rates Γ
S
R and Γ
T
R at which radiation is produced
due to nonthermal and thermal neutrino decay
ΓSR = r
S
R
NSN1
NR
ΓSN1 , Γ
T
R = r
T
R
NTN1 −N eqN1
NR
ΓTN1 . (100)
As expected we find that only the decay of the nonthermal neutrinos efficiently influences
the radiation abundance. Between a ' 22 and a ' 7400, which is basically identical to
the time interval in which reheating takes place, ΓSR is of the same order as the Hubble
rate. ΓSR/H reaches its maximal value before S boson decay around a(tS), subsequently
decreases a bit and finally drops off shortly after afRH . The ratio Γ
T
R/H is at most of
order O(10−2) which is the case towards the end of reheating when the thermal neutrinos
are close to thermal equilibrium. The rate ΓG˜ traces the efficiency of the nonthermal
neutrino decays: While the NS1 decays are not active yet, ΓG˜/H decreases due to the
falling temperature. But as soon as ΓSR becomes competitive with the Hubble rate around
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aiRH , ΓG˜/H bends over and eventually it reaches values of order O(1) and even larger. On
the other hand, once the nonthermal neutrino decay has ended, ΓG˜ returns to its ordinary
behaviour that we expect for adiabatic expansion. In total gravitino production occurs
between a ' 79 and a ' 18000. The main part of the gravitino abundance is, hence,
produced towards the end or after reheating.
5 Results and discussion
The parameter point selected in the previous section was chosen such that we readily
obtained the right baryon asymmetry and gravitino abundance. Now we extend our dis-
cussion to a quantitative analysis of the entire parameter space and determine the bounds
within which consistency between successful leptogenesis and gravitino dark matter can
be reached. According to the flavour model introduced in Section 2 we are free to vary
the neutrino mass parameters M1, m˜1 and vB−L. On the supergravity side the gravitino
and gluino masses mG˜ and mg˜ represent free parameters (cf. Section 3.2.6). Moving in
parameter space changes the interaction rates relevant to our scenario, most notably the
production and decay rates of the N1 neutrino. This has consequences for the reheating
process (cf. Section 5.1), the generation of the baryon asymmetry (cf. Section 5.2) and the
thermal production of gravitinos (cf. Section 5.3). By imposing the two conditions [20]
ηB ≡ ηSB + ηTB ≥ ηobsB ' 6.2× 10−10 , (101a)
ΩG˜h
2 = ΩDMh
2 ' 0.11 , (101b)
we are able to identify the regions in parameter space in which both, the present baryon-
to-photon ratio and the dark matter density are successfully generated. In this manner,
we obtain a link between neutrino and superparticle masses. The parameter dependence
of the reheating temperature and the interplay of nonthermal and thermal leptogenesis
follow along the way.
From the allowed range for the B − L breaking scale (cf. Eq. (10)), we consider the
boundary values and an intermediate scale. All three values are associated with different
ranges for the heavy Majorana mass M1 (cf. Eq. (7a)),
vB−L = 3.4× 1012 GeV : 1.3× 105 GeV ≤M1 ≤ 1.1× 1010 GeV , (102a)
vB−L = 5.8× 1013 GeV : 2.1× 106 GeV ≤M1 ≤ 1.9× 1011 GeV , (102b)
vB−L = 1.0× 1015 GeV : 3.7× 107 GeV ≤M1 ≤ 3.3× 1012 GeV . (102c)
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Furthermore, in order to take into account the O(1) uncertainties in the Yukawa couplings
hν , we allow the effective neutrino mass m˜1 to vary in the range
10−5 eV ≤ m˜1 ≤ 10−1 eV . (103)
The gravitino mass is taken from the interval
30 MeV ≤ mG˜ ≤ 700 GeV . (104)
In view of the present bound on the gluino mass, mg˜ & 700 GeV, imposed by collider
searches [35,36], we use a mass of mg˜ = 800 GeV as a representative value in this section.
Different choices of mg˜ would lead to similar qualitative results, the only difference being
that all values of mG˜ would have to be rescaled (cf. Section 5.3 and Appendix D).
In all plots of the parameter space presented in this section as well as in the Appen-
dices C and D (Figs. 5, 6, 7, 8, 10, 13 and 14) we mark the positions of the two parameter
points listed in Tab. 2: The point the discussion in Section 4 was based on as well as the
point that was investigated in Ref. [3].
5.1 Reheating temperature
The concept of temperature is only applicable as long as the interactions in the system
under study are in thermal or, at least, kinetic equilibrium. Hence, regarding our scenario,
it is not before the creation of an initial thermal bath due to quick thermalization of the
N2,3 decay products that we can meaningfully speak about a temperature. Subsequently,
the main part of the energy density continues to reside in nonthermal particles. At first
most of the energy density is carried by the S bosons, and then, from t ' tS onwards, by
the nonthermal N1 neutrinos. The energy transfer to the thermal bath, i.e. the reheating
of the universe, becomes fully efficient when the N1 neutrinos decay into standard model
radiation. In first approximation, this happens once the Hubble rate H has dropped to
the value of the effective decay rate ΓSN1 of the nonthermal N1 neutrinos,
ΓSN1(tRH) = H(tRH) , TRH = T (tRH) , (105)
where ΓSN1 is the vacuum decay rate Γ
0
N1
weighted with the inverse time dilatation factor
as defined in Eq. (66). The reheating temperature TRH can then be obtained by applying
Eq. (105) to the solutions of the Boltzmann equations.6
6As discussed in Section 3, we use an approximate solution of the Friedmann equation, H = a˙/a, with
the scale factor a(t) given in Eq. (36).
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Figure 5: Contour plots of the reheating temperature TRH as a function of the parameters m˜1 and M1
for the three different choices of vB−L listed in Eq. (102). The outcome of the Boltzmann equations TRH ,
calculated according to Eq. (105), is compared with three different estimates T
(0)
RH , T
(1)
RH and T
(2)
RH which
are respectively defined in Eqs. (106), (C.8) and (C.9) . The contour labels as well as the background
colours indicate the numerical values of TRH . Going to smaller values of m˜1 the T
(0)
RH and T
(1)
RH contours
approach the corresponding TRH contours from below. With respect to the TRH contours the T
(2)
RH
contours are shifted upwards by approximately ∆ log10 TRH ' 0.04, cf. Eq. (C.11).
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For nonrelativistic Majorana neutrinos NS1 , instantaneous energy transfer and H being
determined from the Friedmann equation, the reheating temperature is given by
T
(0)
RH =
(
90
8pi3g?,ρ
)1/4√
Γ0N1Mp . (106)
In our scenario we do not meet either of these conditions which is why the simple estimate
T
(0)
RH has to be augmented with several corrections in order to properly reproduce the
outcome of the Boltzmann equations:
• Being produced in S decays, the nonthermal neutrinos all carry initial energy
mS/2 ' 150M1. For most of the time they are, hence, highly relativistic such
that their decays occur at an effective rate ΓSN1 (cf. Eq. (105)). Replacing Γ
0
N1
by
ΓSN1 results in an approximation T
(1)
RH for the reheating temperature;
• At the time when TRH is evaluated a large fraction of the energy density still resides
in nonthermal neutrinos. Taking into account that only a part of the total energy
density at t = tRH contributes to TRH yields an approximation T
(2)
RH ;
• The fact that our approximation for the Hubble rate H = a˙/a does not fulfill the
Friedmann equation exactly introduces a final imprecision which effectuates the
remaining small deviation of T
(2)
RH from the actual reheating temperature TRH .
We refer the interested reader to Appendix C where the reconstruction of the numerical
result TRH starting from the simplest estimate T
(0)
RH is discussed in greater detail.
The reheating temperature TRH obtained from the Boltzmann equations for the three
values of vB−L in Eq. (102) is presented in Fig. 5 together with the different approximations
T
(i)
RH as a function of the neutrino mass parameters m˜1 and M1. Notice that the behaviour
of T
(0)
RH is determined by the width Γ
0
N1
∝ m˜1M21 (cf. Eq. (12)), which is independent of
vB−L. The correction due to the time dilatation factor mainly depends on the ratio of the
Majorana neutrino decay width Eq. (12) and the S boson decay width Eq. (22),
Γ0N1
Γ0S
∝ m˜1 v
2
B−L
M1v2EW
. (107)
For Γ0N1  Γ0S, the bulk of the nonthermal neutrinos decaying at t = tRH is produced
just shortly before and is therefore relativistic. On the other hand, for Γ0N1  Γ0S, most
of the nonthermal neutrinos decaying at the reheating time are nonrelativistic. For fixed
vB−L, this correction turns out to be marginal for the smallest effective neutrino masses
m˜1 and the largest Majorana neutrino masses M1. The correction increases with the ratio
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in Eq. (107) becoming larger. Its maximum is given by the flavour model,
√
2M1/mS '√
1/150. The related correction corresponding to the overestimation of the energy density
of radiation at t = tRH has the same dependence on parameters. Finally, the mismatch
between the Hubble rate and the exact solution of the Friedmann equation only slightly
modifies the reheating temperature. All in all, the global effect of these corrections is to
increase (decrease) the dependence of the reheating temperature on M1 (m˜1).
In each of the three panels of Fig. 5, corresponding to the three different values of
vB−L, the values of m˜1 and M1 respectively span four orders of magnitude allowing for
reheating temperatures ranging over five orders of magnitude. Reheating temperatures
as small as TRH ' 105 GeV are obtained for the lowest decay rates in association with the
smallest initial false vacuum energy density, i.e. for the minimal values of vB−L, m˜1 and
M1. Conversely, reheating temperatures as large as TRH ' 1012 GeV are obtained for the
maximal values of vB−L, m˜1 and M1.
Lastly, we observe that the region where the reheating temperature exceeds the Ma-
jorana neutrino mass significantly shrinks when going from the simplest approximation
T
(0)
RH to the results of the Boltzmann equations TRH . As for the former, T
(0)
RH > M1 for
m˜1 & 2× 10−3 eV, independent of M1, while in the latter case TRH > M1 is only accom-
plished for the largest values of m˜1 and M1. The reasons for this relative decrease in the
reheating temperature were already mentioned following Eq. (106): the longer neutrino
lifetimes due to their relativistic nature and the overestimation of radiation energy in de-
riving T
(0)
RH . As the strength of the washout processes during the generation of the baryon
asymmetry crucially depends on the ratio of temperature T and neutrino mass M1 we
expect the efficiency of leptogenesis to severely drop in the region TRH > M1.
5.2 Baryon asymmetry
The baryon asymmetry that is generated for a given choice of input parameters follows
from the respective solutions of the Boltzmann equations according to Eq. (91). In this
section we shall discuss in turn the contributions it receives from the decays of the non-
thermal and thermal neutrinos. Our main results are displayed in Fig. 6 which presents
the baryon asymmetry for the three values of the B − L breaking scale (cf. Eq. (102)) as
function of the neutrino mass parameters m˜1 and M1. In each panel of Fig. 6, we indicate
the regions in which leptogenesis from the decay of nonthermal (light green) and ther-
mal neutrinos (gray-green) successfully produces the observed baryon asymmetry. Notice
that in some regions of parameter space (dark green) both variants of leptogenesis man-
age to overcome the observational bound individually while in others (white) ηobsB only is
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exceeded after taking the sum of the two contributions.
The blue solid lines in Fig. 6 separate the parameter regions in which leptogenesis is
respectively driven either by the decay of the nonthermal or the thermal neutrinos. In the
viable regions of parameter space the nonthermal contribution to the baryon asymmetry
typically represents the clearly dominant one. As we have checked numerically, the gen-
erated asymmetry in that case can be reconstructed to good approximation by assuming
that at t = t1 the energy density of the nonthermal neutrinos is almost instantaneously
converted into radiation. Nonthermal neutrinos of average energy εSN1 (cf. Eq. (84)), that
rapidly decay around t = t1, lead to an asymmetry (cf. [37])
ηrapidB ' 7
3
4
csph 1
T
εSN1
∣∣∣∣
t=t1
. (108)
We emphasize that neglecting the relativistic motion of the nonthermal neutrinos, i.e.
employing simply the mass M1 instead of the full energy per particle ε
S
N1
in Eq. (108),
would entail an asymmetry proportional to the temperature, ηrapidB ∝ T (t1). Such an
estimate fails to reproduce our results except for some accidental points in parameter
space.7
For fixed vB−L and m˜1 . O(10−3) eV the nonthermal baryon asymmetry does not
depend on m˜1 anymore. This observation can be easily understood in terms of the Boltz-
mann equation (80a) for NSB−L. For very small effective neutrino masses, the washout
processes become inefficient, leaving us only with the production term. The size of the
final asymmetry then only depends on the maximal NS1 abundance that can be reached
in the course of S boson decay, which is reminiscent of standard thermal leptogenesis in
the weak washout regime. Since the collision operator accounting for the production of
nonthermal neutrinos through the decays of S bosons as well as the CP parameter 1 are
solely controlled by the Majorana neutrino mass, the resulting baryon asymmetry ends
up being exclusively determined by M1.
Increasing vB−L for fixed neutrino masses m˜1 and M1 reduces the produced baryon
asymmetry. This is due to several effects whose influence is apparent in Eq. (108): On the
one hand a higher B − L breaking scale implies a larger relativistic correction resulting
in a smaller effective decay rate ΓSN1 , on the other hand it leads to a faster Hubble
expansion. The former increases εSN1 ∼ 〈M1/EN1〉−1S M1 and delays the neutrino decays
such that Eq. (108) needs to be evaluated at a later time t1 corresponding to a smaller
temperature T . The faster Hubble rate H reinforces the drop-off in the temperature. We
7This actually happens in Ref. [3] in which ηrapidB is calculated for the corresponding set of parameter
values given in Tab. 2.
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Figure 6: Contour plots of the baryon-to-photon ratio ηB as defined in Eq. (91) as a function of the
parameters m˜1 and M1 for the three different choices of vB−L listed in Eq. (102). In the light green (gray-
green) region leptogenesis through the decay of nonthermal (thermal) Majorana neutrinos successfully
reproduces the observed baryon asymmetry ηobsB . In the red region the total asymmetry is not able to
overcome the observational bound. The blue line separates the regions in which each leptogenesis variant
is the dominant one.
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may reformulate this argument in terms of the rates ΓSN1 and H by saying that a smaller
ratio ΓSN1/H reflects a lower efficiency of the nonthermal neutrino decays. From this point
of view, the generation of the asymmetry struggles to keep pace with the expansion of
the universe resulting in a more diluted asymmetry.
At values of m˜1 larger than O(10−3) eV resonant `H ↔ ¯`H¯ scatterings that wash out
the generated asymmetry at a rate ΓW (cf. Eq. (94)) dramatically decrease the efficiency
of nonthermal leptogenesis: For small m˜1 we have TRH  M1 (cf. Fig. 5) and the
production of on-shell N1 neutrinos out of the thermal bath is Boltzmann suppressed,
T M1 : ΓW =
N eqN1
2N eq`
ΓTN1 ∝
(
M1
T
)3/2
e−M1/T Γ0N1  Γ0N1 . (109)
But as m˜1 becomes larger, the reheating temperature approaches M1 and the final asym-
metry is depreciated due to washout. For given m˜1 and M1, increasing vB−L results in
a decrease of the reheating temperature (cf. Section 5.1). In particular, this reduces
the region in parameter space where TRH > M1, consequently extending the region in
which nonthermal leptogenesis can successfully proceed without being much affected by
washout.
The decay of the nonthermal neutrinos is not the only mechanism by means of which
the baryon asymmetry is generated in our scenario. It also receives a contribution ηTB from
the decays of the thermally produced neutrinos NT1 . If M1 is sufficiently large, η
T
B can
exceed the observed baryon asymmetry on its own. Its behaviour in parameter space is
similar to the one of standard thermal leptogenesis with vanishing initial neutrino abun-
dance. However, it is important to note that standard thermal leptogenesis differs from
our thermal mechanism in the sense that in the former the thermal bath out of which the
Majorana neutrinos are produced is assumed to have an independent origin (e.g., inflaton
decay) and the initial temperature usually is taken to be arbitrarily high. By contrast, the
generation of our thermal asymmetry ηTB is tightly coupled to the dynamics of reheating
in the course of the nonthermal neutrino decays. In standard thermal leptogenesis the
CP asymmetry 1 (cf. Eq. (14)) as well as the evolution of the N1 and B −L abundances
are controlled by the neutrino mass parameters m˜1 and M1. To guarantee successful lep-
togenesis, M1 is constrained to be at least O(109) GeV if m˜1 is fixed at m˜1 ' 10−3 GeV.
Effective neutrino masses m˜1 different from that result in larger bounds on M1.
In our scenario, the values of M1 above which thermal leptogenesis is efficient are
comparatively one to two orders of magnitude larger. Tab. 3 summarizes the respective
bounds on M1 for the three different B−L breaking scales together with the corresponding
values of m˜1 and TRH . The fact that now M1 has to be much larger than O(109) GeV
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Panel vB−L [GeV] m˜1 [eV] M1 [GeV] TRH [GeV] TRH/M1
1 3.4× 1012 3.2× 10−3 1.0× 1010 6.4× 109 0.63
2 5.8× 1013 5.2× 10−3 2.1× 1010 7.9× 109 0.38
3 1.0× 1015 1.6× 10−2 8.5× 1010 2.0× 1010 0.23
Table 3: Parameter points in the three panels of Fig. 6 corresponding to the lowest possible values of M1
for which the decay of the thermal neutrinos suffices to reproduce the observed baryon asymmetry. The
values for the reheating temperature follow from Fig. 5.
finds its origin in the interplay between the specific reheating process at work and the
temperature dependence of thermal leptogenesis: First of all, in the discussion of the
decay of the nonthermal neutrinos we saw that the temperature is bounded from above
to prevent complete washout of the asymmetry. The same holds for thermal leptogenesis;
but in this case the temperature also must not be too low in order to ensure an efficient
neutrino production from the thermal bath. Consequently, as a compromise between
very small (T M1) and very large (T M1) temperatures, thermal leptogenesis is
most efficient at T ∼ M1 (cf. Tab. 3).8 Second, as for standard thermal leptogenesis,
our thermal mechanism prefers an intermediate value of m˜1. Taking m˜1 to large values
increases the strength of the washout processes. Small m˜1 results in a low temperature and
a small neutrino decay rate Γ0N1 such that the N
T
1 production becomes suppressed. When
asking for the lower bounds on M1 we thus have to look for the smallest values of M1 for
which the condition T ∼M1 holds and m˜1 is neither too large nor too small. In contrast
to standard thermal leptogenesis, in our scenario the accessible temperatures now also
depend on the mass parameter M1. As can be seen from Fig. 5, the considered reheating
process simply does not manage to satisfy the condition T ∼ M1 for M1 ∼ 109 GeV
without entering the strong washout regime. Instead, M1 has at least to be as large as
indicated in Tab. 3 to avoid too large values of m˜1 while still fulfilling T ∼M1.
Comparing the three points in Tab. 3 we note that the ratio of the reheating temper-
ature TRH to M1 decreases as vB−L becomes larger. The production of thermal neutrinos
is, consequently, less efficient for high vB−L. This is, however, compensated for by the
increase in the CP asymmetry parameter 1 for heavier N1 neutrinos (cf. Eq. (15)). Like-
wise, the corresponding effective neutrino masses m˜1 increase when going to larger B−L
8Note that our scenario also differs from standard thermal leptogenesis because we only consider
decays and inverse decays. We have checked that including ∆L = 1 and ∆L = 2 scatterings would
enforce the production of Majorana neutrinos for m˜1 . 3× 10−3 eV as it is the case in standard thermal
leptogenesis [33], resulting in a slight expansion of the allowed region in the weak washout regime.
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breaking scales. This effect is based on the fact that for fixed m˜1 and M1 an increase in
vB−L entails a drop in the temperature. The factor representing the Boltzmann suppres-
sion in the washout rate ΓW (cf. Eq. (109)) then becomes smaller which enables one to
raise the neutrino decay width Γ0N1 by increasing m˜1.
Standard thermal leptogenesis predicts a final baryon asymmetry of
ηthB =
3
4
g0?
g?
csph1κf (m˜1) . (110)
where the final efficiency factor κf only depends on m˜1. For m˜1 & 10−3 eV it may be
parametrized as [33]
κf (m˜1) = 2× 10−2
(
10−2 eV
m˜1
)1.1
. (111)
Combining Eqs. (110) and (111) with Eq. (15), one finds that ηthB evolves as η
th
B ∝ m˜−11 M1.
This is exactly the behaviour of the total baryon asymmetry one observes in the regions
where the thermal contribution dominates over the nonthermal one, i.e. the regions on the
right-hand side of the blue lines in Fig. 6. As the number density of nonthermal neutrinos
usually exceeds the number density of thermal neutrinos at the time the asymmetry is
created, the relative size of the two asymmetries ηSB and η
T
B is controlled by the efficiency
of the nonthermal mechanism. Only when the nonthermal asymmetry is suppressed due
to efficient washout, the baryon asymmetry due to the decay of the thermal neutrinos has
a chance to dominate.
In conclusion, it is remarkable that leptogenesis through the decay of the nonthermal
Majorana neutrinos is able to widely extend the region in parameter space in which the
observed baryon asymmetry can successfully be reproduced. For the lowest B−L breaking
scale vB−L = 3.4× 1012 GeV, Majorana neutrinos as light as M1 ' 108 GeV are sufficient
to generate the observed baryon asymmetry.
5.3 Gravitino dark matter
Having discussed leptogenesis on its own in the last section, we now ask for the regions
in parameter space where both conditions of Eq. (101) are satisfied, i.e. in which we
obtain gravitino dark matter along with a sufficient baryon asymmetry. As outlined in
Section 3.2.6 the thermal production of gravitinos is controlled by three parameters: the
gravitino and gluino masses mG˜ and mg˜ as well as the temperature T . The latter is
determined by the reheating process, TRH = TRH(vB−L, m˜1,M1), such that ΩG˜h
2, the
present contribution from gravitinos to the energy density of the universe, depends on
40
all free parameters of our scenario. For each point in parameter space the respective
solutions of the Boltzmann equations allow us to calculate ΩG˜h
2 according to Eq. (98).
By imposing the condition that gravitinos be the constituents of dark matter we can then
derive relations between neutrino and superparticle masses. For instance, if we fix the
gluino mass at 800 GeV,
ΩG˜h
2(vB−L,M1, m˜1,mG˜,mg˜)
∣∣
mg˜=800 GeV
= ΩDMh
2 , (112)
we can solve for M1 as a function of vB−L, m˜1 and mG˜,
M1 = M1(vB−L, m˜1,mG˜) . (113)
We consider those choices of the parameters vB−L, m˜1 and mG˜ as viable, which actualize
gravitino dark matter for M1 values that are accessible in the context of the flavour model
(cf. Eq. (7a)),
M1(vB−L, m˜1,mG˜) ≤ η2vB−L . (114)
Furthermore, applying Eq. (113) to the results of Section 5.1 allows one to trade the M1
dependence of the reheating temperature TRH for a dependence on mG˜,
TRH = TRH(vB−L,M1, m˜1) → TRH(vB−L, m˜1,mG˜) . (115)
Similarly, Eq. (113) can be used to translate the bounds on m˜1 and M1 shown in Fig. 6
that were obtained by requiring successful leptogenesis into bounds on m˜1 and mG˜,
ηB(vB−L,M1, m˜1) → ηB(vB−L, m˜1,mG˜) ≥ ηobsB . (116)
The parameter points we are after, i.e. the points at which the baryon asymmetry is
accounted for by leptogenesis and gravitinos constitute the dark matter, now correspond
to those values of vB−L, m˜1 and mG˜ that satisfy the two conditions in Eqs. (114) and
(116) simultaneously. On the basis of our numerical study of the Boltzmann equations
we are able to identify the regions of interest in parameter space: Fig. 7 presents our
results in combination with the associated values of M1 (cf. Eq. (113)), Fig. 8 features
the related reheating temperatures (cf. Eq. (115)) instead. Again, both figures consists
of three panels each that respectively take care of the the three different B − L breaking
scales specified in Eq. (102). We refer the interested reader to Appendix D which gives a
detailed account of how Figs. 7 and 8 can be reconstructed by means of simple analytic
expressions and with the aid of our numerical findings for TRH and ηB.
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Figure 7: Gravitino mass range consistent with gravitino dark matter (cf. Eq. (112)) and successful
leptogenesis (cf. Eq. (116)) depending on the effective light neutrino mass. The contour lines refer to
the neutrino mass M1 (cf. Eq. (114)) as a function of m˜1 and mG˜ such that the gravitino abundance is
ΩG˜h
2 = 0.11. In addition to the colour code introduced in Fig. 6, the black region in the upper-left panel
represents the M1 values that are not allowed by the flavour model.
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Figure 8: Like Fig. 7 but with contours for the reheating temperature TRH (cf. Eq.(115)) instead of the
neutrino mass M1.
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Notice that we also consider gravitino masses almost as large as the gluino mass,
mG˜ ≤ 700 GeV while mg˜ = 800 GeV. Imposing gaugino mass unification at the GUT scale
would, however, forbid such a nearly degenerate superparticle spectrum. The running of
the renormalization group equations would then imply a gaugino mass relation M3/M1 '
5.9 at low energies. Given that it is the lightest supersymmetric particle, the gravitino
would have to be lighter than the bino resulting in an upper mass bound of mG˜ . 140 GeV.
If we were to select a gluino mass other than mg˜ = 800 GeV all values of mG˜ in Figs. 7
and 8 would have to be rescaled while vB−L, M1 and m˜1 could remain unchanged. This
follows from the fact that the gravitino abundance in Eq. (112) can be kept constant by
compensating a change mg˜ → amg˜ in the gluino mass by a change mG˜ → bmG˜ in the
gravitino mass without altering the reheating temperature TRH . As long as mG˜ is much
smaller than mg˜, the factor b simply corresponds to a
2. The general relation between a
and b is discussed in Appendix D. To sum up, thanks to this relation the results presented
in Figs. 7 and 8 can be generalized to different gluino masses by correspondingly relabeling
the gravitino axis.
As a general trend in Figs. 7 and 8 we observe that for fixed m˜1 and mG˜ . 230 GeV
the neutrino mass M1 and the reheating temperature TRH continuously become larger
when increasing the gravitino mass. For mG˜ & 230 GeV this behaviour is reversed: The
M1 contours in Fig. 7 bend over as soon as mG˜ ' 230 GeV is exceeded. In Fig. 8 the
temperature remains rather constant at TRH ∼ 5×109 GeV for 150 GeV . mG˜ . 400 GeV.
Beyond mG˜ & 400 GeV it begins to decrease again.9 The physical origin of these two
regimes can be traced back to the rate ΓG˜ = γG˜/nG˜ (cf. Eqs. (85) and (86)) at which
gravitinos are created from the thermal bath (cf. Eq. (D.6)) [14,15],
ΓG˜ = ΓG˜
(
T,mG˜,mg˜
) ∝ (1 + m2g˜(T )
3m2
G˜
)
. (117)
In the regime mG˜  mg˜(T ) the second term in Eq. (117) is the dominant one and it is
mainly the goldstino part of the gravitino, i.e. its components with helicity ±1
2
, that is
produced. A larger gravitino mass then implies a smaller rate ΓG˜ necessitating a stronger
reheating in order to still generate the right abundance. Correspondingly, the neutrino
mass M1 also has to increase to bring about the higher temperature. Evolving a gluino
mass of 800 GeV from the electroweak scale to a temperature T ∼ 5 × 109 GeV results
in a high-scale mass of mg˜(T ) ∼ 400 GeV. Because of that, ΓG˜ is dominated by the first
term in Eq. (117) from mG˜ ' 400/
√
3 GeV ' 230 GeV onwards. This means that, for
9Cf. the contour corresponding to TRH = 10
9.5 GeV reentering the second panel of Fig. 8 at m˜1 '
10−5 eV and mG˜ ' 700 GeV.
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such large values of mG˜, primarily the transverse degrees of freedom of the gravitino,
i.e. its components with helicity ±3
2
, are excited. The production rate ΓG˜ then becomes
independent of mG˜ turning into a function of the temperature T only. In such a case the
final gravitino abundance ΩG˜h
2 simply scales linearly with mG˜ (cf. Eq. (D.1)). Hence,
larger gravitino masses have to be balanced by smaller reheating temperatures to keep
ΩG˜h
2 fixed. This explains the decrease in TRH and M1 at very large gravitino masses.
On the other hand, varying m˜1 at constant mG˜ has almost no effect on the reheating
temperature, which is expected since ΓG˜ inherently is a function of T , mG˜ and mg˜. As
each gravitino mass is associated with an appropriate rate ΓG˜, the choice of mG˜ already
implies a unique reheating temperature TRH ≈ TRH(mG˜), independent of the underlying
neutrino parameters (cf. Fig. 12 in Appendix D). Meanwhile, the neutrino mass M1
becomes smaller when increasing m˜1 in order to ensure that TRH remains approximately
constant for fixed mG˜ (cf. Fig. 5).
In Figs. 7 and 8 we also indicate the regions in parameter space that are not compatible
with our scenario because either of the two conditions in Eqs. (114) and (116) is not
satisfied. Bounds coming from the flavour model (cf. Eq. (114)) only show up for vB−L =
3.4× 1012 GeV: The requirement that M1 be smaller than 1.1× 1010 GeV (cf. Eq. (102))
excludes gravitino masses larger than 35 GeV for m˜1 = 10
−5 eV. At m˜1 = 10−3 eV it rules
out masses in the range between 120 GeV and 430 GeV and for m˜1 & 1.8 × 10−3 eV it
does not constrain mG˜ any longer at all. In the case of the two other choices for vB−L the
respective flavour bounds on M1 are never reached because the corresponding reheating
temperatures are too high. Demanding a sufficient baryon asymmetry (cf. Eq. (116))
yields lower bounds on mG˜ in the weak washout regime and limits the maximal value of
m˜1. Notice that these bounds are in one-to-one correspondence with the constraints on M1
and m˜1 in Fig. 6. For instance, at small m˜1 the gravitino mass can only decrease as long
as M1 is large enough so that the observed baryon asymmetry is reproduced. Similarly,
at large m˜1 the sharp drop-off in the efficiency of leptogenesis due to stronger washout
limits the viable range of m˜1. In Tab. 4 we present the smallest gravitino masses that are
accessible for certain representative values of m˜1. As in Fig. 7 the contour lines of constant
M1 slightly fall off with decreasing m˜1, we find the lowest bounds on mG˜ at m˜1 = 10
−5 eV.
For weak washout higher B−L breaking scales lead to tighter bounds on mG˜, just as it is
the case for the neutrino mass M1 (cf. Fig. 6). In the strong washout regime we encounter
the opposite behavior. Here, the contour line corresponding to ηB = η
obs
B , which separates
the allowed and excluded regions in parameter space, steeply rises. In Section 5.1 we
argued that the larger the value of vB−L the later this rise sets in when increasing m˜1
(cf. Eq. (109)). Therefore, the tightest bounds on mG˜ are now obtained for low B − L
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Panel vB−L [GeV] / m˜1 [eV] 10−5 10−4 10−3 10−2 10−1
1 3.4× 1012 180 MeV 360 MeV 870 MeV — —
2 5.8× 1013 570 MeV 1.2 GeV 2.5 GeV 70 GeV —
3 1.0× 1015 1.9 GeV 3.7 GeV 6.2 GeV 9.2 GeV —
Table 4: Lower bounds on the gravitino mass according to Figs. 7 and 8 for the three different choices
of vB−L listed in Eq. (102) and five different values of m˜1. A dash (—) indicates that leptogenesis is not
efficient enough to produce the observed baryon asymmetry as long as the requirement of gravitino dark
matter is kept.
breaking scales.
We also note that for m˜1 = 0.1 eV it is not possible to produce the observed baryon
asymmetry while sticking to the assumption of gravitino dark matter, independent of the
value chosen for vB−L. As m˜1 is bounded from below by m1, the smallest eigenvalue
of the standard model neutrino mass matrix, this observation opens up the possibility
of falsifying our proposed scenario in future neutrino experiments. The measurement
of a light neutrino mass of 0.1 eV, combined with the known differences of the light
neutrino masses squared, would imply that m˜1 & 0.1 eV, thereby ruling out our mechanism
of entropy production. Likewise, any lower limit on the absolute neutrino mass scale
coming from, e.g. cosmological observations would restrict the allowed range for the
gravitino mass. A determination of the gravitino mass on the basis of cosmic gamma-ray
observations or decays of the next-to-lightest-superparticle (NLSP) in collider experiments
could, in turn, constrain the neutrino mass spectrum.
In standard thermal leptogenesis the reheating temperature has to be at least TRH &
109 GeV, independent of the initial conditions, to guarantee a successful generation of the
baryon asymmetry [33]. Together with the lower bound on the gluino mass imposed by
collider searches, this constrains the gravitino mass to lie in the range mG˜ ' 10÷100 GeV
in order to be compatible with the observed dark matter abundance. By contrast, the
present scenario allows for a much broader range of gravitino masses since the reheating
temperature can be significantly lower than in the case of thermal leptogenesis. As appar-
ent in Fig. 8, TRH can decrease down to values ofO(107) GeV if m˜1 and M1 are chosen such
that the nonthermal neutrinos decay extremely slowly. We note that for such reheating
temperature production of gravitinos from inflaton decay is usually negligible [38]. This
paves the way for gravitino masses as small as 200 MeV (cf. Tab. 4). On the other hand,
as our scenario can as well accomodate neutrino masses M1 of order 10
10 ÷ 1011 GeV,
the gravitino can also be almost as heavy as the gluino, mG˜ ' few × 100 GeV. Note,
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however, that requirements such as gaugino mass unification will further constrain the
superparticle spectrum.
Finally, we would like to point out that low gravitino masses have interesting con-
sequences for the decay of the next-to-lightest superparticle (NLSP). If R-parity is con-
served, the lower bound on the mass of stable gravitinos from standard thermal leptoge-
nesis, mG˜ & 10 GeV, implies a long NLSP lifetime which could jeopardize the success of
primordial nucleosynthesis (BBN).
A study of general neutralino NLSPs with gravitino LSP has been performed in [39].
In this work, lower mass bounds for different NLSP types have been extracted from the
bounds on the decay of heavy neutral particles during BBN for given gravitino masses.
Assuming a gravitino of 10 GeV, it turns out that the predictions of primordial nucle-
osynthesis are not affected for pure bino, pure wino and mixed gaugino-Higgsino neu-
tralino NLSPs that are heavier than 3, 0.8 and 1 TeV, respectively. These bounds are
now significantly softened for the light gravitino masses which can occur in our sce-
nario: For mG˜ = 200 MeV, pure bino, pure wino and mixed gaugino-Higgsino neutralino
NLSPs as light as 800, 150 and 200 GeV, respectively, are in agreement with the BBN
bounds. These lower masses are interesting for two reasons: First, they allow a smaller
scale of supersymmetry breaking and second, they can be probed more easily at the
LHC. For a charged NLSP like a scalar τ -lepton, its lifetime has to be sufficiently short,
τNSLP . 103−104 s [40,41], which typically requiresmG˜ < 1 GeV for mNLSP = O(100) GeV.
Remarkably, the small gravitino masses required from such constraints on NLSP decays
can be accommodated in our scenario. We thus emphasize that reheating through the
decays of heavy neutrinos provides a way to alleviate the existing tension between the
generation of the baryon asymmetry, stable gravitino dark matter and BBN constraints.
6 Summary and outlook
We have studied the production of the entropy of the hot early universe through the
decays of heavy Majorana neutrinos. As an example, we considered the decay of a false
vacuum with unbroken B − L symmetry. Tachyonic preheating leads to a state whose
energy density is dominated by nonrelativistic S bosons, the Higgs boson associated with
spontaneous B−L breaking, with a subdominant admixture of radiation. Subsequent pro-
duction of the lightest heavy Majorana neutrinos N1 from S decays and from the thermal
bath leads to a phase whose energy density is dominated by N1 neutrinos. Their decay
then produces all entropy of the hot thermal universe, together with the baryon asym-
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metry via a mixture of nonthermal and thermal leptogenesis. Simultaneously, thermal
production of gravitinos accounts for the observed dark matter.
We have studied the time evolution of this system by means of a set of Boltzmann
equations for distribution functions which take into account the differences between ther-
mally and nonthermally produced N1 neutrinos. Details of the initial state are rather
unimportant for the final result. What matters is the existence of a phase dominated by
N1 neutrinos. Their lifetime determines the reheating temperature that is crucial for the
final gravitino abundance and hence for the produced amount of dark matter.
Our analysis has been based on a flavour model that allows to vary the key parameters
for leptogenesis, the neutrino masses M1 and m˜1, over a wide range, consistent with the
masses and flavour mixings of charged leptons and neutrinos. The final baryon asymmetry
and the dark matter abundance have been calculated in terms of several parameters of
the Lagrangian, independent of initial conditions: the scale vB−L of B − L breaking, the
heavy Majorana neutrino mass M1, the effective light neutrino mass m˜1, the gravitino
mass mG˜ and the gluino mass mg˜. For generalisations of the flavour model the produced
matter-antimatter asymmetry and dark matter can depend on further parameters.
Particularly interesting is the resulting relation between the lightest neutrino mass
and the gravitino mass. For instance, for a typical gluino mass of 800 GeV and a light
neutrino mass of 10−5 eV the gravitino mass can be as small as 200 MeV, whereas a lower
neutrino mass bound of 0.01 eV implies a lower bound of 9 GeV on the gravitino mass.
The measurement of a light neutrino mass of 0.1 eV would falsify the proposed mechanism
of entropy production. These results provide an important connection between collider
searches for superparticles and neutrino mass determinations in laboratory experiments
and by cosmological observations. Measurements of the absolute neutrino mass scale and
superparticle masses consistent with our predictions would provide important indirect ev-
idence for the origin of entropy, matter and dark matter and for the maximal temperature
of the hot thermal universe.
We are planning to extend our analysis in several directions: Boltzmann equations
for the superpartners of S bosons and heavy Majorana neutrinos have to be incorporated
in a fully consistent calculation of baryon asymmetry and gravitino dark matter. Further
important questions concern the connection with inflation and the possible relation
between B − L breaking and supersymmetry breaking.
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A Conventions for the Boltzmann equations
The Boltzmann equation for a particle species ψ describes the time evolution of the
distribution function fψ (t, x
µ, pµ) in the one-particle phase space Φψ [37], where fψ is
defined such that fψdΦψ gives the average number of ψ particles in the phase space
volume dΦψ at time t. Imposing homogeneity and isotropy of spacetime, fψ only depends
on the absolute value p of the 3-momentum ~p as well as on time t. The Boltzmann
equation for ψ particles in the Friedmann-Lemaˆıtre framework then reads
Lˆfψ(t, p) =
(
∂
∂t
−Hp ∂
∂p
)
fψ(t, p) = Cψ , (A.1)
where with Lˆ we denote the Liouville operator, and with Cψ the collision operator. The
latter keeps track of changes in fψ due to inelastic interactions, and may be decomposed
into contributions from decays and scatterings,
Cψ =
∑
ij...
Cψ(ψ ↔ ij...) +
∑
a
∑
ij...
Cψ(ψa↔ ij...) + ... . (A.2)
The operators Cψ are obtained from quantum mechanical transition probabilities in-
tegrated over the multi-particle phase space
Cψ(ψab...↔ ij...) = 1
2gψEψ
∫
dΠ (ψ|a, b, ...; i, j, ...) (2pi)4 δ(4) (∑ pout −∑ pin) (A.3)
× [fifj... (1± fψ) (1± fa) (1± fb) ... |M (ij...→ ψab...)|2
− fψfafb... (1± fi) (1± fj) ... |M (ψab...→ ij...)|2
]
,
where gψ is the number of internal degrees of freedom of ψ and dΠ subsumes all Lorentz
invariant momentum space elements dp˜ = (2pi)−3 d3p/2E along with a statistical factor S
that prevents double counting in the case of identical particles
dΠ(ψ|a, b, ...; i, j, ...) = S(ψ, a, b, ...; i, j, ...)dp˜adp˜b...dp˜idp˜j... . (A.4)
The amplitudes squared |M|2 are understood to be summed over all internal degrees of
freedom. Since they are expected to yield only small corrections [34], the Bose enhance-
ment (1 + f) and Pauli blocking (1− f) quantum statistical factors related to boson and
fermion production respectively, are neglected in this work. Their influence may partly
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be canceled by other quantum corrections, like off-shell effects [42]. Additionally, the Cψ
operators can be split into direct and inverse processes
Cψ(ψab...↔ ij...) = Cψ(ij...→ ψab...)− Cψ(ψab...→ ij...) . (A.5)
If the ψ particles are in kinetic equilibrium, the integration of Eq. (A.1) over the ψ
phase space leads to a Boltzmann equation for the ψ number density nψ
n˙ψ + 3Hnψ =
∑
ij...
γ(ψ ↔ ij...) +
∑
a
∑
ij...
γ(ψa↔ ij...) + ... , (A.6)
where nψ and the interaction densities γ are defined as
nψ(t) =
gψ
(2pi)3
∫
d3p fψ(t, p) , (A.7)
γ(ψab...↔ ij...) = gψ
(2pi)3
∫
d3p Cψ(ψab...↔ ij...) . (A.8)
The Boltzmann equation Eq. (A.6) can alternatively be written as an equation for the
comoving number density Nψ = a
3nψ as a function of the scale factor a
aH
d
da
Nψ = a
3
[∑
ij...
γ(ψ ↔ ij...) +
∑
a
∑
ij...
γ(ψa↔ ij...) + ...
]
. (A.9)
B Phase space distribution of thermal neutrinos
When deriving the Boltzmann equation (69) for thermal neutrinos in Section 3.2.3, we
asserted that these are approximately in kinetic equilibrium (cf. Eq. (68)). Given a
numerical solution for T (a) for a specific choice of input parameters vB−L, m˜1 and M1, we
can check the self-consistency of this approach by comparing our approximate distribution
function proportional to f eqN1 with the exact expression in Eq. (67). In this appendix we
perform such a comparison for the exemplary parameter point discussed in Section 4 (cf.
Tab. 2). To begin with, we introduce the following ratio
RTN1 (t, p) =
fTN1(t, p)
f eqN1(t, p)
,
=
t∫
t2
dt′ exp
−M1Γ0N1
t∫
t′
dt′′E−1N1 (t
′′)
 M1
EN1(t
′)
Γ0N1
f eqN1(t
′, p)
f eqN1(t, p)
. (B.1)
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Figure 9: Ratio RTN1 = f
T
N1
/f eqN1 normalized to its mean value µR as a function of the neutrino momentum
p at different times, cf. Eqs. (B.2) and (B.3) as well as Tab. 5. The input parameters vB−L, m˜1 and
M1 are chosen as in Section 4 (cf. Tab. 2). The respective values of the scale factor are discussed in
Section 4.2. The white and gray bands separate the different orders of magnitude.
with fTN1 taken from Eq. (67), and determine its momentum dependence at different times.
A momentum independence of RTN1 would then reflect an exact kinetic equilibrium. In
this case the equation fTN1 = R
T
N1
f eqN1 can easily be integrated over phase space yielding
RTN1 = R
T
N1
(t) ⇔ NTN1(t) = RTN1(t)N eqN1(t) ⇔ fTN1(t, p) =
NTN1(t)
N eqN1(t)
f eqN1(t, p) . (B.2)
A convenient measure for the deviation from kinetic equilibrium at a given time is the
coefficient of variation cR = σR/µR, i.e. the standard deviation σR of R
T
N1
in relation to
its mean value µR with respect to an appropriate momentum interval ∆p,
µR(t) =
〈
RTN1
〉
p
, σR(t) =
(〈(
RTN1
)2〉
p
− 〈RTN1〉2p)1/2 (B.3)
where 〈·〉p is defined as
〈f〉p (t) =
1
∆p
∆p∫
0
dp f(t, p) , (B.4)
and ∆p, by convention, is always chosen as
f eqN1 (t,∆p) = 10
−4 × f eqN1 (t, 0) , (B.5)
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such that the relevant range of momenta is covered.
We compute RTN1 , µR, σR, cR and ∆p for six representative values of the scale factor,
and summarize the corresponding results in Fig. 9 and Table 5. At early times small
momenta are much more frequent than in kinetic equilibrium and states with large mo-
menta are underpopulated. For extreme momenta, RTN1 can become ten times as large or
small as its mean value µR. As time goes on, this tilt in R
T
N1
, however, disappears and
for a ' 12000, kinetic equilibrium is eventually reached. On average RTN1 deviates from
µR not more than one order of magnitude and, from this perspective, the approximation
of kinetic equilibrium may be regarded as justified. The steady convergence to kinetic
equilibrium is also reflected in the behaviour of the coefficient of variation cR which starts
out at a value of cR ∼ O(1) and decreases to cR ∼ O(10−4). For other choices of the
model parameters we expect the NT1 phase space distribution to behave similarly.
Scatterings of the thermal neutrinos involving standard model quark pairs such as
N1` ↔ qu¯, N1u¯ ↔ `q¯ and N1q ↔ `u, speed up the equilibration of the neutrino dis-
tribution function [34]. This results in a larger abundance of thermal neutrinos at high
temperatures. On the other hand, scatterings also tend to increase the efficiency of
washout processes such that, after all, their impact on the generated thermal asymmetry
is negligible for our purposes.
There are two main reasons why RTN1 is not flat from the beginning: The first is
directly related to the momentum dependence of the production and decay terms in the
Boltzmann equation (69) for thermal neutrinos. In both terms the effective rate ΓTN1
comes weighted with the inverse time dilatation factor 〈M1/EN1〉. It is, thus, larger
at smaller momenta which is why initially, when fTN1  f eqN1 , neutrinos with smaller
momenta are overproduced. Once fTN1 has overshot f
eq
N1
the decay term dominates, again
preferably changing the abundance of low-momentum states. This interplay between
production and decay is balanced such that RTN1 is eventually flattened out. A numerical
investigation of the different factors in the integrand of Eq. (B.1) confirms this simple
argument. The second reason is the intermediate stage of reheating between the phases of
adiabatic expansion. Assuming an equilibrium distribution f eqN1 misconceives the evolution
of the temperature in the sense that higher temperatures and thus more high-momentum
neutrinos are expected at earlier times. By contrast, the actual distribution fTN1 takes the
temperature plateau into account and is, hence, aware of the correspondingly less efficient
production at high momenta.
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# a µR σR cR ∆p [M1]
1 27 8.4× 10−4 1.0× 10−3 1.2 7.0
2 210 1.0× 10−2 1.4× 10−2 1.3 5.3
3 1500 0.29 0.25 0.87 4.4
4 3500 0.75 0.24 0.32 3.4
5 6500 1.0 4.0× 10−2 3.9× 10−2 2.5
6 12000 1.0 4.0× 10−5 3.9× 10−5 1.7
Table 5: Indicators for the deviation of the thermal neutrinos from kinetic equilibrium at different times:
µR, σR and ∆p are introduced in Eqs. (B.3) and (B.5), cR is defined as cR = σR/µR. The values of the
scale factor correspond to aiRH , a1, a3, a4, a8 and a11, cf. Section 4.2 and Fig. 9.
C Reheating temperature
The energy transfer to the thermal bath, i.e. the reheating of the universe, becomes
fully efficient when the nonthermally produced N1 neutrinos decay into standard model
radiation. This happens once the Hubble rate H has dropped to the value of the effective
decay rate ΓSN1 of the nonthermal N1 neutrinos. The temperature at this time, t = tRH ,
defines the reheating temperature TRH
ΓSN1(tRH) = H(tRH) , TRH = T (tRH) . (C.1)
Notice that this coincides with the common definition of TRH in scenarios in which the
universe is reheated through the decay of some species with effective decay rate Γ.
The decay rate relevant to our scenario, ΓSN1 , corresponds to the T = 0 neutrino
decay width Γ0N1 weighted with the average inverse time dilatation factor for nonthermal
neutrinos (cf. Section 3.2.3)
ΓSN1 = γ
−1
t Γ
0
N1
, γt =
〈
M1
EN1
〉−1
S
, γ = γt(tRH) . (C.2)
In the course of our numerical analysis Eqs. (C.1) and (C.2) are used to determine the
reheating temperature as a function of the model parameters, TRH = TRH(vB−L,M1, m˜1).
The result of this computation is presented in Fig. 5 in Section 5. In this appendix we
shall illustrate how one can understand the exact outcome of the Boltzmann equations in
terms of increasingly accurate approximations (also shown in Fig. 5).
We begin with Eq. (C.1) and try to solve it analytically for TRH . First, the Friedmann
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equation allows us to express H(tRH) through the total energy density at time tRH
H2(tRH) =
(
a˙
a
)2
tRH
= β2
8pi
3M2p
ρtot(tRH) . (C.3)
Here β is a correction factor that accounts for the fact that we do not determine the scale
factor a dynamically but simply approximate it by means of constant effective coefficients
ω in the equation of state. This imprecision in a is then transmitted to H such that
it does not fulfill the Friedmann equation exactly. Second, let us denote the fraction of
the total energy density that is stored in radiaton at time tRH by α
−1. With the aid of
Eq. (27) we may then write
H2(tRH) = αβ
2 8pi
3M2p
pi2
30
g?,ρ T
4
RH . (C.4)
Combining Eqs. (C.1), (C.2) and (C.4) one finds
TRH = α
−1/4β−1/2γ−1/2
(
90
8pi3g?,ρ
)1/4√
Γ0N1Mp . (C.5)
By construction this formula yields the same results as Eq. (C.1). Its main advantage over
Eq. (C.1), however, is that it allows us to estimate TRH with varying precision depending
on how accurately the correction factors α, β and γ are taken into account.
When solving the Boltzmann equations numerically we have also determined these
factors along the way. The dependence of the time dilatation factor γ on the neutrino
parameters is shown in Fig. 10. As all nonthermal neutrinos are produced with initial
energy 1
2
mS ' 12η−2M1 ' 150M1 it is clear that γ is bounded from above: 1 ≤ γ . 150.
In practice, we find that γ takes on values roughly between 1.1 and 88 entailing γ−1/2
factors in Eq. (C.5) approximately between 0.95 and 0.11. The general behaviour of γ
as a function of the model parameters is mainly controlled by the ratio of the S and N1
decay widths
γ = γ(Γ0N1/Γ
0
S) ,
Γ0N1
Γ0S
∝ v
2
B−Lm˜1
v2EWM1
. (C.6)
The larger Γ0N1 compared to Γ
0
S the less contribute very long-lived nonthermalN1 neutrinos
to γ. Most nonthermal neutrinos present at t = tRH were then produced just shortly before
and are hence relativistic. On the other hand, if the S bosons decay very fast, Γ0S  Γ0N1 ,
the nonthermal neutrinos are mainly produced at the early stages of reheating and γ is
rather dominated by elder, nonrelativistic neutrinos.
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Figure 10: Contour plots of the relativistic correction factor γ as a function of the parameters m˜1 and
M1 for the three different choices of vB−L (cf. Eq. (102)). γ−1 is defined as the average inverse time
dilatation factor for nonthermal N1 neutrinos at t = tRH , cf. Eq. (C.2). The background colours reflect
the parameter dependence of γ as also indicated by the contour lines and labels. In the reddish regions
(large γ) the nonthermal neutrinos are relativistic at t = tRH , in the bluish regions (small γ) rather
nonrelativistic. In principal, γ can take on values between 1 and 12mS/M1 ' 12η−2 ' 150. Its behavior
in parameter space is mainly controlled by Γ0S/Γ
0
N1
∝ (v2B−Lm˜1) / (v2EWM1).
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The correction factor α, the total-to-radiation energy density ratio at t = tRH , in-
creases when going to larger vB−L or m˜1 and decreases for smaller M1. It hence essentially
shows the same trends in parameter space as γ. The physical reason for this is that large
γ implies a rather long-lasting stage of N1 production through S decay which persists
until shortly before the N1 neutrinos decay themselves. Thereby, the N1 abundance at
t = tRH ends up being still quite large. On top of that, in the case of highly relativistic
neutrinos, the effective decay rate ΓSN1 changes faster with time than for nonrelativistic
neutrinos. Or, put into mathematical terms: γt (cf. Eq. (C.2)) is a monotically decreasing
function of time which means that large values of γt entail large values of
d
dt
γ−1t . Thus,
if at t = tRH the decay rate Γ
S
N1
equals the Hubble rate H and it is fast changing it was
much smaller before. Then not as many nonthermal neutrinos decay at times t < tRH and
ρSN1(tRH) may contribute much more to ρtot(tRH) than ρR(tRH). Numerically, we find that
α lies in the range between 3 and 4 for almost two thirds of the investigated parameter
space. In approximately 85 % it is of O(10), in 10 % of O(100) and in 5 % even larger
up to α ' 7.8× 104. In Eq. (C.5) the factor α−1/4 typically has a size between 0.75 and
0.49. But in extreme cases it can become as small as α ' 6.0× 10−2.
The correction factor in the Friedmann equation β turns out to be quite constant in
parameter space. We find that it varies between 0.53 and 0.92. Its standard deviation
with respect to its mean value is rather small: β = 0.82± 0.06. A β factor smaller than
one is the expected consequence of our approach to the calculation of the scale factor:
After t = tS we assume pure radiaton domination, ω = ρ/p = 1/3, although for times
t & tS surely still some nonrelativistic S bosons contribute to the total energy density.
This leads to an overestimation of the speed at which the Hubble rate decreases and in
Eq. (C.3) to a too small Hubble rate compared to the right-hand side of the equation. A
correction factor of β−1/2 ' 1.1 in Eq. (C.5) is, however, almost insignificant.
In conclusion, we can say that γ constitutes the largest correction, followed by α, the
factor β can almost be neglected. This observation leads us to three increasingly accurate
approximations for the reheating temperature T
(0)
RH , T
(1)
RH and T
(2)
RH , all of which are also
shown in Fig. 5. First, we set α = β = γ = 1. With g?,ρ = 915/4 and Eq. (12), we then
have
T
(0)
RH =
(
90
8pi3g?,ρ
)1/4√
Γ0N1Mp (C.7a)
' 0.2
√
Γ0N1Mp (C.7b)
' 8× 109 GeV
(
m˜1
10−3 eV
)1/2(
M1
1010 GeV
)
. (C.7c)
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This estimate can be improved by including the time dilatation factor γ,
T
(1)
RH = γ
−1/2 T (0)RH ' 0.2
√
ΓSN1Mp . (C.8)
Finally, we drop the assumption that at t = tRH the entire energy resides in radiation,
T
(2)
RH = α
−1/4γ−1/2T (0)RH ' α−1/4 0.2
√
ΓSN1Mp . (C.9)
The remaining difference between the outcome of the Boltzmann equations and T
(2)
RH is
then quantified by β
TRH = β
−1/2 T (2)RH , (C.10)
⇒ log10 TRH = log10 T (2)RH + ∆ log10 TRH , ∆ log10 TRH ' 0.04 . (C.11)
To conclude, let us apply the above formulæ to the specific parameter example which
we discussed in Section 4. For the parameter values listed in Tab. 2, solving the Boltzmann
equations leads to a reheating temperature of TRH = 4.1 × 109 GeV (cf. Eq. (97)). This
result can be compared to the three estimates introduced in this appendix. For the three
correction factors α, β and γ we obtain
α ' 3.2 , β ' 0.84 , γ ' 14 . (C.12)
At t = tRH there is, hence, still roughly twice as much energy in nonthermal neutrinos as
in radiation. Equality in terms of the energy content is not reached before a ' 4000 in
our parameter example. Moreover, with a typical energy EN1 ∼ O(10)M1 the nonther-
mal neutrinos are clearly still relativistic during reheating. According to Eq. (C.12) the
estimates T
(0)
RH , T
(1)
RH and T
(2)
RH yield reheating temperatures of
T
(0)
RH ' 1.9× 1010 GeV , T (1)RH ' 5.0× 109 GeV , T (2)RH ' 3.7× 109 GeV . (C.13)
Notice that T
(2)
RH multiplied by β
−1/2 reproduces again the numerical result for the reheat-
ing temperature TRH in Eq. (97). We conclude that the most naive estimate T
(0)
RH is off
the actual value by roughly an order of magnitude. T
(1)
RH and T
(2)
RH respectively deviate
from TRH by 10% and 20%.
D Semi-analytic reconstructions
Our study of the parameter space in Section 5 allowed us to determine the N1 neutrino
mass M1 and the reheating temperature TRH as functions of m˜1 and mG˜ such that the
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gravitino abundance always has the right size to account for dark matter (cf. Figs. 7 and
8). In this appendix we now attempt to reconstruct these results by means of simple
analytic expressions and with the aid of our numerical findings for ηB and TRH .
As gravitinos are nonrelativistic, their present contribution to the energy density of
the universe is given as
ΩG˜h
2 = ΩG˜h
2(vB−L,M1, m˜1,mG˜,mg˜) = mG˜ ηG˜ n
0
γ h
2/ρc , ηG˜ = n
0
G˜
/n0γ . (D.1)
In order to relate the gravitino-to-photon ratio ηG˜ to the corresponding number densities
during reheating we make two simplifying assumptions. First, we say that after t = tRH
the entropy of the thermal bath is not increased much further which leads us to
n0γ = δ1
(
a (tRH)
a0
)3
g?,s
g0?,s
nγ(tRH) . (D.2)
Second, we assume that at t = tRH the gravitino production becomes inefficient such that
at later times not many further gravitinos are produced,
n0
G˜
= δ2
(
a (tRH)
a0
)3
nG˜(tRH) . (D.3)
Meanwhile, this second assumption also implies that at t = tRH the gravitino production
rate γG˜ is of the same order as the Hubble rate H
γG˜(tRH)
nG˜(tRH)
= δ−13 H(tRH) ⇔ nG˜(tRH) = δ3
γG˜(tRH)
H(tRH)
. (D.4)
The three correction factors δ1 & 1, δ2 & 1 and δ3 ∼ O(1), introduced in Eqs. (D.2),
(D.3) and (D.4), respectively, quantify the deviations of the actual values of n0γ, n
0
G˜
and
nG˜(tRH) from our approximations. Combining them in one factor δ = δ2δ3/δ1 we may
write for ηG˜
ηG˜ = δ
g0?,s
g?,s
γG˜(tRH)
nγ(tRH)H(tRH)
, (D.5)
where nγ(tRH), γG˜(tRH) and H(tRH) directly follow from Eqs. (27), (86) and (C.4). In-
serting Eq. (D.5) back into Eq. (D.1) we find for ΩG˜h
2
ΩG˜h
2 = εfG˜(TRH)
(
mG˜ +
m2g˜(TRH)
3mG˜
)
TRH , ε = α
−1/2β−1δ , (D.6)
where fG˜(TRH) stands for
fG˜(TRH) =
n0γh
2
ρc
g0?,s
g?,s
(
90
8pi3g?,ρ
)1/2
54 g2s(TRH)
gγMp
[
ln
(
T 2RH
m2g(TRH)
)
+ 0.8846
]
. (D.7)
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Eq. (D.6) may conveniently be rewritten as
ΩG˜h
2 = εC1(TRH)
(
TRH
109 GeV
)[
C2(TRH)
(
mG˜
10 GeV
)
+
(
10 GeV
mG˜
)(
mg˜(µ0)
800 GeV
)2]
(D.8)
with C1 and C2 being defined as
C1(TRH) =
(800 GeV)2
10 GeV
× 109 GeV× g
4
s(TRH)
3 g4s(µ0)
× fG˜(TRH) , (D.9)
C2(TRH) =
10 GeV
(800 GeV)2
× 10 GeV× 3 g
4
s(µ0)
g4s(TRH)
. (D.10)
The dependence of C1 and C2 on the reheating temperature is presented in Fig. 11.
We find that C1/C2 ∼ O(100) which means that for mg˜  mG˜ the term linear in mG˜ in
Eq. (D.8) can usually be neglected. Notice that doing so and setting ε = 1 turns Eq. (D.8)
into Eq. (3) in the introduction.
Confronting Eq. (D.8) with our numerical data shows that ε usually differs from 1 and
is slightly parameter-dependent, preventing us from determining it a priori. However, ε
can be determined a posteriori. In the region of parameter space in which ΩG˜h
2 = ΩDMh
2
we find that ε = 1.20± 0.24. Restricting ourselves further to parameter values for which
gravitino dark matter also is in accordance with successful leptogenesis we obtain ε =
1.32 ± 0.15. In Eq. (3) such a correction factor would be reflected in a change of the
numerical coefficient from 0.26 to 0.34.
Eq. (D.8) then implicitly determines the reheating temperature as a function of mG˜
and mg˜(µ0). Fixing the gluino mass at 800 GeV and solving Eq. (D.8) for TRH provides
us with an estimate for the reheating temperature solely dependent on mG˜ (cf. Fig. 12).
This is all we need to be able to reconstruct Figs. 5 and 6: With TRH = TRH(mG˜) at
hand we can compute the reheating temperature for all values of the parameter triple(
vB−L, m˜1,mG˜
)
. From our numerical results for TRH as a function of vB−L, M1 and m˜1,
shown in Fig. 5, we then infer the corresponding values of M1. Our results for ηB in Fig. 6
finally point us to the respective baryon asymmetries
ΩG˜h
2 != 0.11 ⇒ TRH = TRH(mG˜) , (Eq. (D.8))
⇒ M1 = M1 (vB−L, TRH , m˜1) , (Fig. 5)
⇒ ηB = ηB (vB−L,M1, m˜1) . (Fig. 6)
The outcome of this procedure is presented in Figs. 13 and 14. As it turns out our
reconstructed results fit the exact data from the Boltzmann equations amazingly well.
We thus conclude that our numerical results for the reheating temperature TRH and the
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Figure 11: Dependence of the coefficients C1 and C2 in Eq. (D.8) on the reheating temperature TRH .
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Figure 12: Analytic estimate for the reheating temperature TRH as implicitly defined by Eq. (D.8) with
ε = 1.32 for varying gravitino mass mG˜ and fixed gluino mass, mg˜ = 800 GeV.
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baryon asymmetry ηB when combined with Eq. (D.8) essentially suffice to reproduce
Figs. 7 and 8.
Let us check how well the result for ΩG˜h
2 (cf. Eq. (D.8)) that we obtained for the
parameter example discussed in Section 4 can be reproduced with the formulæ developed
in this appendix. The three correction factors δ1, δ2 and δ3 turn out to be
δ1 =
Nγ(tf )
Nγ(tRH)
' 2.7 , δ2 = NG˜(tf )
NG˜(tRH)
' 15 , δ3 = H(tRH)nG˜(tRH)
γG˜(tRH)
' 0.35 , (D.11)
which implies that entropy production has almost completed at t = tRH . By contrast the
gravitino production rate is still roughly three times as large as the Hubble rate at this
time such that the bulk part of the gravitinos is, in fact, produced at the last stages of
reheating and later. In combination with Eq. (C.12) the three factors yield values of δ
and ε of
δ = δ2δ3/δ1 ' 2.0 , ε = α−1/2β−1δ ' 1.3 . (D.12)
This result for ε coincides with the fit value used for the reconstruction of Figs. 13 and
14. Notice also that the effects of the various approximations parametrized by α and δ
tend to cancel such that overall factor ε represents a correction of only 30% in the end.
Given the reheating temperature in Eq. (97) the coefficients C1 and C2 in Eq. (D.8) take
on the following values
C1(TRH) ' 0.17 , C2(TRH) ' 2.0× 10−3 . (D.13)
Based on Eq. (D.8) we can then estimate the gravitino abundance
ΩG˜h
2 = 1.3× 0.17
(
TRH
109 GeV
)[
0.002
(
mG˜
10 GeV
)
+
(
10 GeV
mG˜
)(
mg˜(µ0)
800 GeV
)2]
(D.14a)
' 1.3× 0.17× 4.1× (0.02 + 0.1) ' 0.11 , (D.14b)
which is exactly the value we obtained solving the Boltzmann equations. Without the
correction factor ε, we would end up with a too small value, ΩG˜h
2 ' 8.5×10−2. If we were
to neglect the term linear in mG˜ in addition, our estimate would come out even smaller,
ΩG˜h
2 ' 7.1 × 10−2. In concluding, we also mention that our result for the reheating
temperature in Eq. (97) coincides, by construction, with the value required for gravitino
dark matter: In Fig. 12 we read off that to mG˜ = 100 GeV corresponds a temperature of
TRH ' 4.0× 109 GeV.
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Figure 13: Semi-analytical reconstruction of Fig. 7 (solid lines) on the basis of Eq. (D.8) with ε = 1.32 and
the numerical results for TRH and ηB . For comparison also the M1 contours deduced from the Boltzmann
equations (dashed lines) are shown. They deviate from the reconstructed results as the correction factor
ε = α−1/2β−1δ actually is parameter-dependent.
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Figure 14: Semi-analytical reconstruction of Fig. 8 (solid lines) on the basis of Eq. (D.8) with ε = 1.32
and the numerical results for TRH and ηB . For comparison also the TRH contours deduced from the
Boltzmann equations (dashed lines) are shown. They deviate from the reconstructed results as the
correction factor ε = α−1/2β−1δ actually is parameter-dependent.
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Finally, our results may be easily generalized to gluino masses other than 800 GeV. In
fact, for given values of vB−L, m˜1, M1 and mG˜ it is possible to keep ηB and ΩG˜h
2 constant,
when changing mg˜, by simply rescaling the gravitino mass,
m0
G˜
→ mG˜ = mG˜
(
mg˜,m
0
G˜
)
, mG˜
(
800 GeV,m0
G˜
)
= m0
G˜
. (D.15)
As for the baryon asymmetry, this is a trivial consequence of the fact that ηB is a function
of vB−L, m˜1 and M1 only. In the case of the gravitino abundance we observe that for
fixed reheating temperature, TRH = TRH (vB−L, m˜1,M1), ΩG˜h
2 remains constant as long
as mG˜
(
mg˜,m
0
G˜
)
is chosen such that the term in square brackets in Eq. (D.8) does not
change,[
C2
(
m0
G˜
10 GeV
)
+
(
10 GeV
m0
G˜
)]
=
[
C2
(
mG˜
10 GeV
)
+
(
10 GeV
mG˜
)(
mg˜
800 GeV
)2]
, (D.16)
where C2 = C2(TRH) is defined in Eq. (D.10). From Eq. (D.16) we can determine the
rescaled gravitino mass mG˜ as a function of the rescaled gluino mass mg˜ and the original
gravitino mass m0
G˜
. As Eq. (D.16) is a quadratic equation in mG˜, it generically has two
solutions m±
G˜
, one of which is typically closer to the original gravitino mass than the
other. m0
G˜
lies right in between m−
G˜
and m+
G˜
once the two terms in square brackets in
Eq. (D.8) are of equal size, i.e. when gravitinos in helicity ±1
2
states contribute exactly
as much to the total abundance as gravitinos in helicity ±3
2
states. One easily sees that
this is the case when m0
G˜
' 230 GeV (cf. Eq. (117)). When going to larger mg˜, we have
m0
G˜
& m+
G˜
 m−
G˜
above 230 GeV and m0
G˜
. m−
G˜
 m+
G˜
below 230 GeV. At mg˜ smaller
than 800 GeV, we always find m−
G˜
< m0
G˜
< m+
G˜
.
If the gravitino mass is much smaller than the gluino mass, almost only the goldstino
part of the gravitino is produced and the term linear in mG˜ in Eq. (D.8) can be neglected.
The scaling behaviour of the gravitino mass then becomes trivial
m0
G˜
 mg˜ : mG˜ = m0G˜
(
mg˜
800 GeV
)2
. (D.17)
Actually, the rescaled gravitino mass mG˜ also is a function of TRH as it depends on
the coefficient C2(TRH). But as discussed in this appendix, there is an almost unique
correspondence between the gravitino mass and the reheating temperature. In order to
solve Eq. (D.16) we thus simply read off TRH from Fig. 12 as a function of the input
gravitino mass, TRH = TRH
(
m0
G˜
)
. As can be seen from Fig. 14, this simplified reheating
temperature is in good agreement with the exact outcome of the Boltzmann equations.
Our solutions m±
G˜
for the rescaled gravitino mass are presented in the two panels of Fig. 15,
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Figure 15: Contour plots of the two solutions
(
m±
G˜
)
of Eq. (D.16) for the rescaled gravitino mass mG˜ as
a function of the rescaled gluino mass mg˜ and the original gravitino mass m
0
G˜
. The black solid contours
correspond to constant values of mG˜ (given next to the green dots). They serve as level curves that
allow a determination of mG˜ for arbitrary points in the
(
mg˜,m
0
G˜
)
-plane. They can also be regarded
as function graphs of m0
G˜
as a function of mg˜ for constant mG˜. We restrict ourselves to the interval
20 GeV ≤ m0
G˜
≤ 700 GeV in this figure. Below 20 GeV, Eq. (D.17) provides an excellent approximation.
respectively. In the gray shaded regions there are either no real solutions of Eq. (D.16) or
the rescaled gravitino mass is larger than the corresponding gluino mass, mG˜ > mg˜. The
former case implies that it is impossible to keep the gravitino abundance constant when
going to larger mg˜ while sticking to the reheating temperature TRH
(
m0
G˜
)
. In the latter
case, the gravitino would not be the LSP any longer.
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